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Summary
The frame of this project is the design and assembling of a competition electric
motorcycle by the MotoSpirit Team. MotoSpirit is competing in MotoStudent, a
university competition at worldwide level in which engineering student test their
skills and knowledge gained during their studies.
The electric automobile industry is in clear uprising nowadays, with more regu-
lations in terms of emissions for the vehicle sector, the society gaining knowledge
on the global and local environmental challenges that it faces and the emergence of
new technologies that point to a more sustainable future, with the electric vehicle
being the clearest and closest example to the citizen.
MotoSpirit’s vision is aligned with this change. The team takes part in Moto-
Student in its electric category betting for the new and sustainable technologies. As
Steve Jobs once said "The only way for people to do great at work, is to get them
to do work they love" and, if on top of that this work helps in making the world a
little more sustainable than the day before, this is the purpose of any human being
achieved.
The batteries are the heart of electric vehicles, as a motor assembled in a car is
useless without them. Batteries are able to store energy to then power vehicles with
no emissions. Nevertheless, the battery is a complicated system containing chem-
icals and hazardous substances. This is why the management of the batteries is
of main importance. The industry not only has to produce batteries to store the
energy produced with renewable sources, but the batteries have to be studied and
perfected so they can have a longer life cycle, and once they are dead, reuse them
and recycle all of their parts to create second generation batteries minimizg waste.
The thermal management of a battery plays a very important role in this aspect,
as its role is to keep the battery working under the safety constraints and the best
thermal conditions possible for obtaining better performance and longevity.
The principal goal of this thesis is to study the thermodynamics of the electric
motorcycle designed by MotoSpirit under different conditions and find out which
and where are the points that can originate problems in the behaviour and life of
the battery, being similar to an report of the thermal ability or capacity of the bat-
tery and where should it be improved.
For this, the thesis starts with the collection of the theoretical principles behind
the battery system and the examples of how the problem of thermal management
of a battery is handled nowadays by the battery and electric vehicle manufacturers.
Following is the presentation and more importantly the thermodynamics study of
MotoSpirit’s battery pack, where the simulations made are explained.
The discussion of the result points out the information collected during the sim-
ulations and the results obtained. Finally, the conclusions list the most important
aspects found, problems and ideas of the solutions to be adopted by MotoSpirit’s
team in its final battery design.
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MotoStudent is an international engineering competition organised by Moto Engi-
neering Foundation (MEF) and TechnoPark MotorLand in which engineering stu-
dents from universities all around the world take part. The main objective of the
competition, is to be a reason for the students to apply all the knowledge acquired
within their studies into a real industrial project, that if under technical and eco-
nomical conditions, also as real as the design and manufacture of the prototype of
a racing motorcycle. The product of the students efforts, will be evaluated by the
organisation submitting it to different tests in the MotorLand Aragón circuit, in
Alcañiz (Teruel), Spain.
The organisation gives every team registered a basic kit of mandatory parts, around
which the motorcycle has to be designed. This contains: the electric motor, the
tyres, the calipers and brake pumps. Moreover, the competition has a strict regu-
lation that has be respected by the teams when designing the prototype. In this
way, it is ensured that the final product complies with a minimum of security and
technical requirements.
The competition evaluates the projects in two different phases:
• MS1 Phase - Project: this first phase is completely demonstrative, meaning
that a jury will analyse the industrial project regarding the business model
for the serial production of the motorcycle. It will evaluate aspects such as
the cost, the design, the innovation and the presentation of the project by the
students. This last, will be carried out during the week of the competition,
where every team will have to present their "MotoStudent Pitch" as a general
introduction to the MS1 Project. Only the 3 teams with the highest score in
the categories "Best Design", "Best Innovation" and "Best MS1 Project" (with
a maximum of 9 teams in total), will be able to attend the MS1 Finals, which
consists of a more detailed explanation of the project and is valued with extra
points contributing to the total ranking of the MS1 Phase [1]
• MS2 Phase - Dynamic tests: it consists of a series of tests aimed at assessing the
1
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dynamic behaviour and the performance of the prototype [1]. Firstly, the static
tests will be done to ensure the proper design and mounting of the prototype an
its parts. This means that the motorcycle will be submitted to structural and
security systems tests. The second part, consists of the dynamic tests, where
track performance is evaluated, with braking and maximum acceleration tests,
and finalising with a gymkhana to evaluate the cornering of the motorcycle.
The MS2 Phase ends with a free practise, a qualifying session and the Final
Race.
1.2 MotoSpirit
MotoSpirit is a student association formed by 12 students of Terrassa’s faculty of the
Polytechnic University of Catalonia, the ESEIAAT. This edition’s team is formed
by electronic, mechanical and industrial engineering students.
MotoSpirit is a competition team participating in MotoStudent, a worldwide mo-
torcycle racing competition at university level. The team has taken part in Mo-
toStudent for three editions, since 2012 with the first MotoSpirit prototype which
was powered by a thermal engine. The next two editions, MotoSpirit bet on the
new technologies and the future of mobility, participating in the newly established
electric category of the competition, where all the prototypes are 100% electric. It is
remarkable the fact that in its first participation in the electric category, MotoSpirit
won the final race.
MotoSpirit is not only a racing team, it is a first hand experience for all its partici-
pants of an innovative engineering and industrial project as designing and building a
racing electric motorcycle is. The project constitutes a new educational experience
in the world of engineering, and a very good and introduction to both, the work
life and the Motorsport world. As a student association MotoSpirit has no inner
sources of financing. Therefore, the team members have to go out of the univer-
sity facilities and seek out sponsors and collaborators with the help of whom the
prototype is designed (softwares, know how, counselling,...) and built (donations,
financing, discounts on parts and services,...). On the other hand, this is also a
motivating and thrilling project, because the final goal is to build the fastest motor-
cycle possible to win the race against other universities prototypes in a world class
circuit as is the Motorland Aragón racetrack, which is part of the Moto GP calendar.
MotoSpirit’s philosophy is to give the oportunity to more and new fellow students
each edition of MotoStudent (every 2 years). This means that, once the MotoStu-
dent competition is over for a given edition, the actual team members are responsible
for the new team formation, selecting the new members who will represent the uni-
versity, on the next edition of the competition, and handing over their knowledge
and experience. This helps the next generation to build a better, faster, safer pro-
totype, and make sure that the team continues thriving in MotoStudent.
The main objective of MotoSpirit is to position the ESEIAAT, Terrassa’s UPC
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faculty as an innovative and benchmark school in the world of motorcycling en-
gineering at university level, presenting a remarkable and ground-breaking project
over the rest of participants of the VI edition, while trying to improve the results of
previous editions.
The end goals for all the team members in this project, are to learn as much as
possible, enjoy the experience and to evolve as engineers in a field as broad and
attractive as the motorcycle racing.
1.3 Goals
The main purpose of this thesis is to study the thermodynamics of a competition
electric motorcycle’s battery, precisely MotoSpirit E3 prototype’s battery design
which will be competing in the VI edition of MotoStudent.
This means to create the 3D model of the battery, using the simplifications needed
to evaluate the thermodynamics with the FEM software successfully with the limi-
tations of a personal computer. Nevertheless, this is one of the goals, to adjust the
3D model and find the best subtle modifications making it as accurate as possible,
as this is a problem, one will encounter working in the industry. In the same lines,
the study aims to accomplish the main goal of it, while not exceeding the resources
and time established for it.
The goals of the thesis are the following:
1. To study the behaviour of MotoSpirit’s battery under different discharge rates,
being able to characterise its thermodynamics.
2. To identify the critical points of the design limiting battery performance and
risking its State of Health (SoH).
1.4 Scope
This thesis consists of 6 different chapters, each of them with a distinct and specific
goal.
The thesis then is composed by an introductory theoretical framework needed for
the understanding of the decisions made and actions taken in the process of the
study. In it, each of the elements that conform a battery are listed and explained
in a general approach, highlighting only the most important features to successfully
control in order to obtain the optimum battery performance. Folloing is Chapter 2,
which introduces the reader to vanguard technology on the field and already inte-
grated solutions.
On the following chapter, the battery of MotoSpirit’s prototype is presented, be-
ing this the base from which the thesis is built up on.
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Next chapter, brings the part where the focus of this thesis is, the study of the
effect of the battery operation on its own thermal conditions, its effects on the bat-
tery performance and the discovery of aspects to change for a better performance
output. Here, several cases in which the battery operates under different discharge
rates and cooling conditions are analysed. This analysis is performed with the help
of FEM software provided by Altair as a sponsor of the MotoSpirit team. It is
important to state that, the simulations obtained have helped on improving the
battery pack design of MotoSpirit’s prototype, since they have been carried out in
parallel with the design of the prototype. Even though, it must be emphasised that
this aspect is not part of the scope of this Final Degree Thesis.
The discussion of the insights and data found with the simulations, is written in
Chapter 6, where the most important findings of each case scenario are presented.
Finally, the conclusions drawn from the work done on this thesis are exposed to
the reader both as a collection of the statements made in the course of the result
discussion and as the formulation of new ideas emerged during the work simulations
and analysis done.
1.5 Requirements
For this thesis to be carried out, it is needed to model the whole of the Battery
Pack using Solidworks. This means to design the support structures of the cells,
the connections, the cells themselves and the box containing these. To be able
to analyse the thermodynamic performance of the battery under the conditions of
each case scenario, it has been required to learn how to use ALTAIR’s software
ElectroFlo. For the thesis work to be considered completed, it is necessary to study
a minimum of 2 cases with different conditions of discharge rates of the battery. It
is also required to find which and where are the most critical points of the battery
design, and to extrapolate them into a statement of aspects to have in mind when
designing a Battery Pack. Moreover, and in the same lines, it is mandatory to show
the results obtained and extract conclusions from them.
1.6 Justification
The study aims to give the current MotoSpirit team an idea of the operation of
the battery in order to improve its thermodynamic efficiency and thus its overall
performance. At the same time, it wants to be a base from which future teams can
design their batteries, taking into account the findings extracted from the work of
this thesis. The advantage of approaching this thesis as a study, is that it is not
completely dependent on the actual battery development, as its final design and
construction depends on the capabilities of the entire MotoSpirit team and their
ability to get sponsorship contracts with companies and collaborators to be able to
develop, produce and test the physical battery. The main disadvantage is that, due
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to the difference in timing between the manufacturing process of the battery and the
thesis work, certain discoveries made during the study may no longer be applicable
by the MotoSpirit team into their battery. Thus, the use intended for the project, is
to serve as a report on the thermodynamic performance and behaviour of the battery
of an electric competition motorcycle. It wants to be a start point from which other
people and teams can design new batteries with better performance and avoiding
critical malfunctioning aspects or design mistakes that have been detected with the
work done in this thesis. The most critical point of the process is the adjustment
and simplification of the geometry to be able to perform the thermal analysis with
a personal computer, and the characteristics of the materials inside the simulation
software ElectroFlo, in order to obtain results in a reasonably short simulation time
and still, to obtain results that are accurate to the real performance. This is because,
one does not have previous experience with the use of this software, one is working
with its personal computer and the whole of the battery, is a complex system of
cells, structures, and connections that complicate the geometry and so meshing of
the ElectroFlo software.
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Chapter 2
THEORETICAL FRAMEWORK
The study of the thermodynamics of a battery pack comprehends various different
fields of engineering. One is the electrical engineering field, where the cells, the
battery and connections characteristics and principles are found. The other, is the
heat transfer field, which describes the three different modes of heat transfer and
how they are calculated.
2.1 Cells
A cell is a device which bases its functioning in chemical reactions to create a flow
of electrons when connected to a load.
To understand the cell, here is a look at their internal structure and the princi-
ples of how it works.
There are three main parts in a cell, the Anode, the Cathode and the Electrolyte:
• Anode: The anode is the negative electrode. It is formed by a material with
a positive potential. When the cell discharges, it is oxidised losing electrons.
• Cathode: The cathode is the positive electrode. It is formed by a material
with a negative potential. When the cell discharges it is reduced, gaining
electrons.
• Electrolyte: The electrolyte is the material keeping both electrodes electri-
cally isolated in a cell. It permits the ions to go through, from one electrode
to the other, but acts as an insulator for electrons. Physically, and in the case
of Lithium cells, it can take the form of a salt solution containing lithium ions
or otherwise, it can be a polymer based solid.
A charged cell stores electrons and ions on the anode, leaving the cathode with a
positive charge. This is why, when the electrodes are connected through a load,
the electrons start flowing to the cathode via the external circuit, while the ions
go through the electrolyte and into the cathode compensating the negative charge
of the electrons gained by this. The more electrons that can be kept at the anode
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when the cell is fully charged, the higher the cell potential, being it the difference
between electrode potentials.
There are two types of cells in terms of their ability to be recharged, the primary
and secondary cells. Primary cells are those which once the electrochemical reac-
tion has happened, it can not be reversed. Primary cells can not be recharged and
so their use is limited to one discharge. As opposed to these, the secondary cells
can be recharged. Electrochemical reactions in secondary cells can be reversed by
applying a certain voltage in the reverse direction. In this thesis, the focus is in the
secondary cells as the battery of an electric motorcycle needs to be recharged. On
this day and age, it does not make economic, logistic and environmental sense to
dispose an electric vehicle’s battery every time after its use.
Regarding the cell chemistry, there are a few types that are used in most of the
applications, these are: Nickel-Cadmium, Nickel-Metal Hydride, Lead-Acid and
Lithium-Ion. This thesis focus is on the Lithium-Ion (Li-Ion) cells. Their most
usual applications range from cell phone batteries to the military and aerospace. Li-
Ion cells stand out for their high energy density, lightweight, high discharge rates,
low thickness, high voltage, low to non memory effect, a linear discharge, long life
cycles and low self-discharge rate.
As the name obviously indicates, the Lithium Ion batteries use Lithium ions to
get the job done. As lithium is a very light metal with high energy density, this
property enables the cell to be light in weight and provide high current with a small
amount of material. Despite the overwhelming properties of the lithium metal, it
cannot be used as an electrode directly in the batteries since lithium is highly unsta-
ble because of its metallic nature. Hence the use of lithium-ions which more or less
have the same properties of lithium metal but it is non-metallic and is comparatively
safer to use.
Lithium-Ion Polymer cells use the same principle as the Li-Ion cells but with a
solid electrolyte based in a polymer instead of a liquid one, hence the name. This
type of cells have a higher specific energy and so, they are used in applications where
weight is a concern, from mobile phone batteries to drones and electric vehicles.
2.1.1 Cell types
Li-Ion cells, can take different physical appearances or forms depending on its in-
tended use. Each cell format brings advantages and disadvantages with it, so it is
important to know the characteristics of each cell type to select the best one for the
application at hand.
Cylindrical Cells
The cylindrical cell is one of the most common types of cells. It is easy to manu-
facture and has great mechanical stability, which means that its structure can resist
high pressures from the inside and outside without deforming. This aspect is great
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because the battery pack designer does not have to have in mind possible cell ex-
pansion. On the other hand, these cells have to incorporate some kind of valve to
let the gases out and prevent an explosion due to high pressure. Gassing of the
cells is more common as the cell ages and the electrolyte degrades. The internal cell
structure, composed by the anode, separator or electrolyte and cathode can be seen
in Figure 2.1(a).
(a) Cell internal structure (b) Cylindrical cells
Figure 2.1: Cylindrical cells internal structure and examples
Sources: Technology Matthey and MELASTA
Advantages of the cylindrical cells are that they have good cycling qualities, a long
life span, high energy density compared to prismatic and pouch cells and the fact
that they are economic. As disadvantages, cylindrical cells are heavy due to its
enclosure and have low packing qualities because of the space cavities between cells
in a battery pack (space that is not used for energy storage).
From the thermal management point of view, the fact that these cells always leave
some space cavities between them can be good, because theses spaces can be used
for cooling and so, to improve thermal management.[2]
Their applications range from home appliances to electric bicycles and Tesla electric
vehicle’s batteries.
Button cells
The button cell is small and economical. As a disadvantage, these cells cannot be
charged fast, because they have no safety vent. Because of this, the majority of
button cells are primary cells. Figure 2.2(a) shows its internal structure.
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(a) Cell internal structure (b) Button cell
Figure 2.2: Button cells
Sources: Battery University and DURACELL
The button cell is used in most of the home appliances with thin and compact de-
signs such as scales, remote controls, watches and hearing aid devices.
Prismatic cells
The prismatic cells are assembled in thin packages resembling a box, taking advan-
tage of a layered approach of its internal structure, as shown in Figure 2.3(a) and
optimising space.
(a) Cell internal structure (b) Prismatic cells
Figure 2.3: Prismatic cells
Sources: Quora and MELASTA
This internal structure leads to a flexible design, leaving the total measures to the
manufacturer’s choice as there are no standardised sizes. Nevertheless, flexible de-
sign can come with higher costs. As disadvantages, prismatic cells are less efficient
on the thermal management, which leads to shorter life cycle. Its design allows
some swelling, meaning that the volume of these inner layers of the cell structure
can change, having to have this in mind when putting cells together in a battery
pack. Swelling is common after 500 cycles.
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To avoid high volume changes and so, internal damage between the layers, these
cells have to be contained in an enclosure to achieve a certain compression needed
for safety and cell healthy reasons. If the cell expands, the layers will be working
under different conditions, cooling at different rates and the compound effect of all
this can lower cell health and lead to premature failure or capacity fade.
Prismatic cells are usually used in cell phones, thin computers and tablets. They are
also available in large formats, with higher capacities and used to conform electric
and hybrid vehicles battery packs.
Pouch cells
The pouch cell was the last to be engineered and changed the way in which cell pro-
duction was approached. There is no standardised size and the cell has no structural
case, instead, it uses a foil based in plastic and aluminium as a cover for the inner
layers. The positive and negative terminals, also known as tabs, are welded to the
electrodes and taken to the outside of the cell whilst keeping the inside completely
sealed.
The internal structure in pouch cells is formed by one or more layers of cathode,
electrolyte and anode, as can be seen in Figure 2.4(a). These cells are simple and
lightweight as they have no outer case or structural elements, being the ones that
use the space more efficiently, up to a 95% of the space is used for energy storage.
(a) Cell internal structure (b) Pouch cells
Figure 2.4: Pouch cell
Sources: Jauch and own source
The downside of the cells not having a structural case, is that they will swell after
some cycles, and this has to be taken into consideration when designing a battery
pack. Cells in the same parallel group at least, have to be stacked with a slight
pressure, to prevent delamination, but allowing the pack to expand when it needs
to. The pressure should be uniform to each and every cell as much as possible.
Therefore it is not recommended to stack them on top of each other but to position
them lying flat or as books in a shelve. There shall be no sharp edges which could
damage or crack the cell cover material if swelling was to occur. This would lead to
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the gases escaping the cell and as a result of a chain reaction, the cell would end up
igniting.
The Solid Electrolyte Interface (SEI) is a fundamental part of these cells. It is
formed in the first charge in which the cell is connected to a bag that stores all the
gases created. Once the charge is complete, this bag is separated from the cell which
is then sealed. Subsequent charge and discharge cycles will produce gases inevitably
as a result of SEI degradation and aging. Overcharge and overheating may cause
swelling, also known as gassing.
Pouch cells that can deliver high load current, are used in drones. Larger cells
ranging up to 40Ah are used for energy storage systems. Other cells are used in ap-
plications similar to those of the prismatic cells, automotive battery packs being one
of them. Some pouch cells work better under low loads and slow charging conditions.
As this technology is evolving, pouch cells can deliver greater capacities than cylin-
drical cells and cell price in €/Wh is going down, and it is predicted that by 2025
pouch cell prices will meet that of cylindrical cells.
2.1.2 Basic cell characteristics, definitions and functioning
In this section, the basic vocubulary and cell characteristics are explained. There
are three main characteristics of a cell, chemistry, voltage and capacity (specific
energy). Once these are established, other characteristics can be sought, changed
and improved.
• Cell chemistry: The most common cell chemistries are lead, nickel and
lithium. Each of them has different regulatory requirements and needs a spe-
cific charger.
• Voltage: Cells are nominated with a nominal voltage. It indicates the average
value of the voltage around which the cell will be working while discharging.
Open Circuit Voltage (OCV) is 5-7% higher. Closed Circuit Voltage (CCV) is
the operating voltage. When selecting a cell, the nominal voltage is the most
important value characterising it.
• Capacity: It is the specific energy a cell can store given in Ampere-hours
(Ah). It determines the discharge current that a cell can deliver over time. For
example, a 1Ah cell, will provide 1A during one hour if it is being discharged
at its nominal capacity (1C).
Complementing these three basic characteristics, it is also important and useful to
know the following.
• Maximum or full charge voltage: It is the maximum voltage at which the
cell shall be charged. If surpassed, internal malfunction will happen creating
short circuits and leading to thermal runaway.
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• Full discharge voltage: Every cell has a lower limit for voltage that should
not be exceeded. If so, the internal resistance of the battery will be altered.
This can lead to blowup of the cell.
• Charging current: This parameter i very important and not straightly re-
lated to the cell capacity. The maximum charge current is established by the
manufacturer and shown in the cell specifications. It is usually 0,5C, meaning
that a 1Ah cell should be charged at a current of 0,5A, and a 2Ah cell should
be charged at current of 1A.
• Internal resistance (IR): The IR is an indicator of the cell health and ca-
pacity. By definition, it is simply the resistance between the cell electrodes. Its
value is provided by the manufacturer in the cell specifications. The younger
the cell, the lower its IR. With time and cycles, a cell’s IR will increase (ageing
of the cell).
• C Rate: this parameter defines the maximum current that can be drawn from
a cell. It also indicates the speed at which the cell is charged or discharged.
A cell discharging at 1C will draw the current equivalent to its capacity. If
the discharge i at 2C, the current drawn will be double the capacity of the
cell and it will discharge completely in half the time. Conversely, if a cell is
discharged at 0,5C, the current drawn is half the indicated by the capacity of
the cell and the time that it will take the cell to completely discharge will be
doubled. Therefore, a 1Ah cell, discharging at 2C, will draw a current of 2A
during 0,5 hours.
• Specific energy or energy density: This characteristic indicates the cell
capacity in respect to the weight, it is measured in Wh/kg.
• Specific power: This is what defines how much power can be drawn from the
cell in a given instant of time. An analogy to better understand this aspect
is to think of it as the diameter of a pipe used for letting water flow out of
a deposit. The bigger the diameter of the pipe - or the specific power -, the
faster the water inside the deposit - the energy stored - will be over.
• Load: It defines the current drawn from a cell and so, the power at which
the cell is giving work, measured in W. Over a period of time, one can find
the energy expended measured in Wh. A load can be a fan, a pump or an
electric vehicle motor. Some of them are constant (require the same current
at all times) some of them are not.
• State of Health (SoH): Its value is obtained from the comparison between
the cell state in a given moment and the cell state under the initial conditions,
as stated in its specifications. It is indicated in percentage, where 100% in-
dicates that the state of the cell is that of a new one. It depends mainly on
the capacity of the cell, its IR and the rate of self discharge (bad mechanical
integrity of the cell leading to loss of charge). In lithium cells this is mostly
revealed by the capacity. The closer the capacity at which the cell can be
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charged to that of a new or unused cell, the higher the SoH. With the use of
the cell, its internal layers deteriorate leading to a loss of the SoH.
• State of Charge: It is the same as the fuel indicator in a thermal engine
vehicle. Brought back to cell terms, it is the capacity of the cell, the amount
of energy it has in store. SoC can not be completely or accurately determined
by the voltage, instead it is usually calculated using current integration to
determine capacity change over time. It can provide a false security because
a new cell and an old faded cell, can indicate 100% but the amount of energy
stored will not be the same as the second is deteriorated and its capacity
has diminished compared to its initial value. It is important to differentiate
between Absolute State of Charge (ASoC); ability to take the specified charge
in a new cell, and Relative State of Charge (RSoC); the level of charge available
taking capacity fade into account.
Figure 2.5 shows SoH and SoC graphically.
Figure 2.5: Battery SoH and SoC
Source: Battery University
As can be seen in Figure 2.5, there is part of the cell that cannot be used for energy
storage (Dud). This is non existant for a new cell, but with degradation and ageing,
the cell loses capacity to store energy. The cell’s SoH decreases. Then, the difference
between SoH and ASoH (Absolute SoH of a new cell) is the Dud or capacity lost.
Charging process
Although there are different ways to charge a cell, each of them has the same charg-
ing process stages. The process described, is the standard charging process of a
Lithium Ion cell. This process takes care of the cell health preventing unnecessary
ageing and safety risks.
Figure 3.5 shows the stages of the standard charging process.
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Figure 2.6: Lithium Ion cell standard charging stages and process
Source: Battery University
During Stage 1 the the current is kept at the C-Rate specified by the cell manufac-
turer, usually at 0,5C. As the electrons accumulate at the Anode, the voltage rises
until it gets to the maximum cell voltage (4,2 V in most Li-Ion pouch cells).
Once this has happened, Stage 2 begins. In it the voltage is kept at the cell’s
maximum and the current decreases until its value is 3% of the nominal current. At
this point, saturation has occurred and the charging process is ended.
Figure 2.7: Voltage curve charging the cell at 1C
Source: Data provided by Melasta and treated with Matlab to obtain the graph.
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It is important to state that increasing the current value during the first stage
would not make the total charging time shorter, as the voltage would reach the
limit faster, making the first stage shorter, but then, second stage, where the goal
is to accomplish saturation, would take longer. Even though, it can be useful if the
user does not need a full charge to run a certain load or for a short period of time,
given that the cell would charge fast up to its 70% or 80% capacity (stage 1). This
fact is specially useful in Li-Ion cells, given that high voltages are a source of stress
to the cell reducing its life cycle and SoH, and that these cells have a low memory
effect.
Discharging process
During the discharge process of a cell the voltage goes through three different phases
as Figure 2.8 shows. At the beginning of the discharge and first phase a voltage
drop occurs, then during the second phase the voltage decreases in almost a lineal
fashion, until the third phase where there is a final voltage drop that has to be
limited for cell health and safety reasons. For most Li-Ion cells this lower voltage
limit or also referred to as cut off voltage is 3V. At this point the cell should not
be discharged any further. If the voltage drops to lower values, short circuits would
occur between the electrodes and a chain reaction would lead to the cell catching
fire. It is recommended to dispose the cells which voltage has dropped under the
cut off voltage, and as a security mechanism, some of the cells do not permit to be
recharged after this has happened.
Figure 2.8: Voltage time 9C Discharge Rate
Source: Data provided by Melasta and treated with Matlab to obtain the graph.
Lithium Ion cells have a good self discharge behaviour if they are in a good SoH and
are kept under the proper conditions of voltage, SoC, temperature and humidity.
These conditions are indicated by the manufacturer, but usually it is recommended
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to keep the voltage between 3,9V to 3,6V, at 23 ºC and at a humidity of 65% [3].
The self discharge rate is higher during the first day, where the cell may loose up
to 5% of the capacity. After this, and if the storage conditions are met, the self
discharge rate is around 1% to 2% every month.
2.1.3 Importance of the cell’s thermal management
Lithium ion cells need to be kept in an optimal temperature range in order to op-
erate efficiently and maximise their lifespan. If the temperature is too high, this
can lead to loss of capacity, power fade and in extreme cases thermal runaway. On
the other hand, if they are too cold this results in higher IR, lower efficiency and
decreased available capacity. Low temperature can also lead to increased lithium
plating which can cause accelerated structural degradation of the electrolyte and
electrodes leading to short circuits and failure of the cell.
Therefore, thermal management aims to provide a balance between degradation
and performance while ensuring safe operation. In electric motorcycles racing in
road circuits, thermal management aims to refrigerate the cells because the problem
in this application is that they heat up a lot. High discharge rates demanded over
long periods of time with little buffer time in between, means that the cell works
under high demands continually. To prevent the cells from overheating, which would
cause the security system to cut off the energy supply, thermal management aims
to keep them cool, close to their best operating temperatures. An ideal thermal
management system, not only keeps the cell cool but it keeps its entire volume un-
der the sale thermal conditions to prevent different parts of the cell working under
different stresses which would lead to delamination of the cell layers, reducing the
SoH considerably.
2.2 Batteries
The majority of cell characteristics and definitions such as voltage, capacity, C-Rate,
SoH, or SoC, can directly be applied to the batteries, because a battery is no other
than a group of cells connected in series and parallel to obtain the desired voltage
and current respectively. The term battery is also used for a single cell powering a
device itself. A battery then, is an element of energy storage, that serves as a source
of energy for portable or mobile devices, from a watch to a car. Therefore, in the
scope of this thesis, and from now on, when talking about batteries, the concept that
one has to have in mind is a group of cells connected in series and parallel
as desired.
As mentioned, cells can be connected between them to form a battery that is able
to provide the voltage and the current needed to power a load at a given moment,
and to supply the energy it needs to run for a certain period of time. The effects of
connecting cells with the same voltage and capacity specifications in series and in
parallel are the following:
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• Cells in series: When connecting two cells in series, the battery (group of
cells connected together) acquires a voltage equal to two times the cell voltage
because there are two cells in series, and the capacity is the same as the cells
alone provided there is only one parallel of cells. So if the single cell is a 3,7V
1Ah cell, this battery would be a 7,4V 1Ah battery.
Figure 2.9: Cells connected in series
Source: Own source
Then, adding cells in series adds up their voltage, so the battery’s voltage is
the sum of all the series connected cell voltages.
• Cells in parallel: When connecting cells in parallel, the battery still has
the same voltage as a single cell, but the capacity is two times that of the
cell because there are two cells in parallel. This happens because in this case,
there is two parallels of one cell in series. With the same cells as the example
before, this battery would be a 3,7V and 2Ah battery.
Figure 2.10: Cells connected in parallel
Source: Own source
Then, adding cells in parallel adds up their capacities. The battery’s capacity
is the sum of the capacities of the cells connected in parallel.
To understand this, one can think of the the battery being a road, in which the
voltage is the longitude of the road, the capacity is the lanes in it and electrons
would then be the cars.
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On the one hand, when connecting cells in series, as figure 2.9 shows, the road
gets longer. This new road mileage is equivalent to the sum of both cells longitude,
and so is the battery’s voltage, now equivalent to the sum of both cell’s voltages.
Even though the voltage has doubled, there is still only one line for the cars to go
through, so the capacity of the road and current that the battery can deliver remain
the same as that of the cell. This results in a 7,4V 1Ah battery.
If there were three cells in series, the longitude of the road would be three times
that of the cell. Therefore, this would result in a 11,1V 1Ah battery.
On the other hand, when the cells are connected in parallel, as shown in Figure
2.10, the longitude of the road remains the same (one cell of longitude) so the volt-
age also remains the same. However, this time the number of lanes is doubled, which
means that there can circulate two times as many cars as before, or electrons, and
in this way the current is doubled. Thus, this is a 3,7V 2Ah battery.
If there were three cells in parallel, the capacity of the road would be three times
the initial one, with three lanes through which the cars can drive. This would result
in a 3,7V 3Ah battery.
This is valid for any number of cells in series and in parallel.
What happens when there is a combination of both, series and parallels in a single
battery is the following. The principle remains the same and the combination of
cells in series and parallel has the same effect, only that altogether. Continuing
with the same cells as the previous examples, having a battery formed by 4 of cells
in total and making two of groups of two cells in series and then connecting them
together in parallel, the result is a 2 series and 2 parallels battery, also written as
2s2p. Thus, the result is the 7,4V 2Ah battery shown in Figure 2.12
Figure 2.11: Battery with a 2s2p configuration
Source: Own source
2.2.1 Battery Packs
Batteries for electric vehicles are a combination of a big number of cells, more than
150 cells for a road motorcycle for example. High Voltages (HV), high currents and
the considerable amount of energy stored in an electric vehicle’s battery, bring with
them some safety concerns which have to be taken into account. It is very important
to properly protect the cells from any external damage as well as the connections,
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security control and thermal management systems. The battery will be powering a
moving vehicle, so the battery pack has to behave like one single peace of material
or else, there is a high risk of ware off, malfunctioning, the system failing and com-
promising the safety of the vehicle and rider or occupants.
Therefore, cells are encapsulated in battery packs as can be seen in Figure ??.
This packs usually also contain the majority of electrical protection and manage-
ment elements. Battery packs are compartments specially designed and prepared
to contain the cells under their required pressure, volume tolerances and thermal
specifications. There are many ways to conform a battery pack, from the materials
to its form. The choice and design always depends on the application of the battery,
the form of the chassis to which it is mounted and the number and type of cells and
control elements that it contains.
Figure 2.12: Internal structure of one of the modules of Audi’s e-tron battery pack
Source: Audi
2.2.2 Importance of the battery’s thermal management
Thermal management of a cell is important because it can make the cell work under
its best operating conditions giving good power and maintaining a good SoH and
safe operation conditions. As the battery is a group of a large number of cells, its
thermal management is of major importance.
Battery packs, if not well thermally managed can become a limiting factor of an
electric system affecting the vehicle’s performance. The goal of thermal manage-
ment in battery packs is to keep the cells working under the best thermal conditions
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possible and to manage those of the pack so every cell works under the same stress
constrains. Just like a cell life span and performance is affected if it is not homo-
geneously refrigerated, the same happens with a battery if the different cells work
under different thermal conditions. The effects may not be noticeable at first, other
than a slightly lower voltage than expected, but with cycling of the battery, the cells
working under the worst conditions will degrade faster than the rest of the pack,
becoming a limiting factor of performance in short term and a battery’s SoH and
safety problem long term.
In regards to competition motorcycles, thermal management’s major role is to help
the battery work under the conditions that permit the best performance output,
with the battery’s SoH not being amongst the highest priorities if it can be changed
and does not require a lot of cycles. Of course, if the motorcycle was to run a whole
championship with the same battery, then it would be of high interest to keep SoH
as high as possible to avoid major power losses on the later races. In this case,
thermal management’s goal would be to find the balance between performance and
battery preservation.
Standard cooling systems use either air or liquid as a cooling medium delivered
to the surface of the cell, to the cell tabs or to the exterior walls of the battery pack.
The most advanced, use dielectric liquids in which the cells and other systems of
the battery pack are immersed. Air cooling systems are cheaper, more lightweight
and simpler to implement. Nevertheless, they are less efficient than a liquid coolant
based system.
Generally, the job of the cooling system is to even out most of the temperature
differences among individual cells. [4]. The systems used for the thermal manage-
ment in batteries are broadly described in Chapter 2.
2.3 Connections
The part of a battery referred to as connections is the material between two cell
tabs or the the element that permits the electrical connection between these. Be
it using cables, metal stripes or directly cell tab soldering, there are a lot of con-
nection methods to electrically connect cells to form a battery. The choice of one
or another, may vary in function of the cell type, their distribution in the battery
pack, the type of thermal management used, the budget available, the fact that it
has to be produced in series or it is one of a kind, etc.
Not all connections are the same, or work the same way, but all of them have
as the first goal to conduct the electricity from one cell to the other with the mini-
mum losses possible. Hence, following are the aspects that a good connection covers.
Firstly, one of the characteristics that makes a good connection is the contact surface
between the cell tab and the connection element. The greater the contact surface
the less resistance will the electrons find to flow from one surface to the other. Not
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only it should be as big as possible but as uniform as possible. If the contact is not
the same in two points, one of them is going to heat more than it should and energy
is going to be lost in the form of heat.
Secondly, the design of the dimensions of the connections sectional area, through
which the electrons will flow is very important for two aspects, heat and weight.
The bigger the area through which the electrons can flow, the lower the resistance
they will find and the better the performance of the connection. With it, the lower
the heat emitted to the rest of the components of the battery pack. Nevertheless, it
makes no sense to connect two cells with an over sized cable because of the weight
and volume surplus it implies. Therefore, a balance between losses in the form of
heat and weight of the connections has to be sought to find the best dimensions of
the connection sectional area.
Another aspect to have in mind is less theoretical but more practical. A char-
acteristic of a good connection is that it can be easily manufactured and assembled.
It is of no use to design the perfect cell connection that can not be assembled into
the battery pack. Thus, it is important that the connection is easy to manufacture
and put in place especially in a series production. In a special design, for a lone
unit build battery pack, this could be discussed, because it only has to be done one
time. This would be true if every element of the battery was perfect. They are not,
and for example, a cell can fail, forcing a replacement. It comes handy then, to
have thought about this disassembling and assembling process during the design to
avoid major complications for the operator or even having to give up a battery pack
because of only one erratic cell. This is why, simplicity is also a great characteristic.
The easier to mount and dismount the better. The simpler its functioning principle
the more robust its functioning is and the less probabilities of ware off or failures
there are.
Knowing that the battery is mounted onto the electric vehicle that it is power-
ing, just like the battery pack, the connections have to be robust and act as a single
piece as much as possible. This aids to the simplicity of the design. Nevertheless, if
for any reason, there are some parts that can move differently, in case of vibrations
for example, it is really important to adjust the connection in these places and use
flexible cables instead of rigid parts. This helps in avoiding the problems caused by
the vibrations, one of the biggest challenges of vehicle’s electrical connections and
electronic systems.
In addition to all this, an aspect that a good connection should favour is the thermal
management of both the cells and the connection itself. How this is achieved de-
pends on every design and the type of thermal management (air or liquid based). It
will also depend on the cell type and the application. Some cells react better when
the source of cooling is on its tabs. In this case, the connections have to be designed
with this fact in mind. Some other cells, respond better to a cooling process being
applied through the cell surface.
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Finally, one of the most important aspects, is the capacity of reproducing the con-
nection in the exact same way on every cell. As a battery needs all of its cells to
perform the same way for the best performance, if a connection between two cells
is different than the others, and has higer resistance, these will cause a higher en-
ergy loss in the form of temperature in one specific area, which can affect in two
different ways, producing a high heat generation point, and making the cell directly
connected to it work under different and more harsh stress constrains, leading to
a higher loss of its SoH and producing imbalances between the cells of the battery
pack.
2.4 Final note on cells, batteries and connections
As seen in the previous sections, cells are basically devices for energy storage. They
all are based in the same principles and its internal structure is formed by the Anode,
Cathode and Electrolyte. Each cell has as the goal to store the maximum amount
of energy in the minimum space and weight possible (energy density) and still being
able to deliver high power safely. Different types of cell provide with them different
characteristics, making them more suitable for some applications than the others.
Therefore, the decision of choosing a cell type is fundamental for performance.
Cell performance is affected by many factors, but there are some good practices
that help in keeping a good SoH. These are the charging process, the discharge
rates, the thermal working conditions and the limit voltage values. A slow charging
process, helps the cell maintain a good SoH avoiding high voltage peaks and stresses
in the cell’s internal structure. The closer the discharge rate can be kept to its nom-
inal value the longer the cell will last. High discharge rates promote both, high
temperatures and temperature gradients between different cell zones. This aspect is
critical as the different parts of the cell will begin to work at different stress levels
and the overall health of the cell will be reduced. This is why thermal management
is very important. A good thermal management will keep the cell working under
the best temperature conditions possible and will help it work under the same con-
ditions in the whole of its volume favouring the maintenance of the SoH. Keeping
the voltage between the maximum and cut off values is of extreme importance to
avoid losses in the cell’s SoH in the best case scenario or cell failures in the worst.
For long life cycles, cells should ideally work under conditions that require little
effort. This will depend on the application of the cell and, as long as this has to
be taken into account, the most important factor when choosing a cell for a racing
motorcycle is the capacity it has to deliver power and the energy density. Therefore,
a long life span is not the priority, but cell performance during a certain period is.
The same applies for batteries as they are a group of cells connected in series and
parallel. Every load, or motor, has its own voltage and current requirements and
limits. Therefore, each appliance or electric vehicle’s battery has to be sized taking
the load’s characteristics into account. This will determine the number of cells in
series and parallel in a battery. Battery packs are the units containing the bigger
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part of the battery system. It is really important then, to design them specifically
for every intended use and to regulate the thermal conditions of its interior so every
element can perform as demanded and that the security of the system is met at all
times.
The link between cells and batteries are the connections. Theses shall not be infra-
valued, as they can be bottlenecks for battery performance, as well as a source of
excess heating and diminished cell SoH.
There are two main factors affecting the cells chosen and the batteries and con-
nections designs, and they are performance and longevity. Although performance
may be prioritised, it is important to take care of the healthy and safety of the sys-
tems, and this is where thermal management plays its role. Thermal management,
is the piece of the puzzle that balances out performance, durability and safety to
obtain a system that develops as it is intended to depending on its application and
goals.
2.5 Basics of heat transfer
Heat transfer (or heat) is thermal energy in transit due to a spatial tem-
perature difference.
Whenever a temperature difference exists in a medium or between me-
dia, heat transfer occurs. [...] we refer to different types of heat transfer
processes as modes. When a temperature gradient exists in a stationary
medium, which may be a solid or a fluid, we use the term conduction
to refer to the heat transfer that will occur across the medium. In con-
trast, the term convection refers to heat transfer that will occur between
a surface and a moving fluid when they are at different temperatures.
The third mode of heat transfer is termed thermal radiation. All sur-
faces of finite temperature emit energy in the form of electromagnetic
waves. Hence, in the absence of an intervening medium, there is net
heat transfer by radiation between two surfaces at different tempera-
tures (Fundamentals of heat and mass transfer p.2, [5]).
Every heat transfer mode can be quantified in terms of rate equations that are used
to compute the amount of energy transferred per unit time.
Heat conduction
The conduction rate equation is Fourier’s Law, which is a phenomenological law,
meaning that it is derived from observation. In the case of a cylindrical rod, that is
insulated in its lateral surfaces, but the temperature on its ends is different, there
will be heat transfer through conduction. The rate equation that describe the heat
transfer rate is:
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Therefore, if the sectional area of the cylinder increases, so does the heat transfer
rate. If the temperature difference between the two ends increases, the heat trans-
fer rate does to, being it proportional to the area and the temperature difference.
On the other hand, if the longitude of the cylinder increases, the heat transfer rate
decreases (inverted proportionality).
If the material of the cylinder changes, this proportionality remains valid. Although,
the heat transfer rate would vary for the same values of A, ∆T and ∆x. Then there
has to be a characteristic of the material playing a role in the heat conduction mode.
This is the thermal conductivity (k [W/mK]) of the material, and introducing it to
Equation 2.5.1, the proportionality changes to equality.
qx = k · A
∆T
∆x (2.5.2)
Then, evaluating this expression in a differential of x, the heat conduction rate is:











Where the minus sign is necessary because heat transfer always happens in the
direction of decreasing temperature. The units are [W/m2].
Equation 2.5.4 gives the heat transfer per unit area in the x direction, but the total
heat transferred by a solid to another or to a fluid is the sum of the contributions
in each direction, x, y and z.
Heat convection
The rate equation for the convection heat transfer mode is Newton’s Law of cooling.
q” = h · (Ts − T∞) (2.5.5)
In which the convective heat flux q” is proportional to the difference between the
temperature of the surface and the fluid respectively. The parameter h is the con-
vection heat transfer coefficient, measured in [W/m2K]. This coefficient depends
on conditions in the boundary layer, meaning the state of the fluid on the surface
of the object, the cylinder referring back to the first example. This conditions are
influenced by the surface geometry, the nature of the fluid motion, and an other
fluid thermodynamic and transport properties.
Convection heat transfer frequently appears as a boundary condition in the solution
of conduction problems. To solve such problems one presumes h to be known, using
typical values that can be found on literature r experimenting. For the same fluid,
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the value of h changes depending on if its slowly moving around the surface or if it
is travelling at which speeds as would be the case of the air around a motorcycle
riding in a race track for example. The higher the speed in this case, the bigger
the convection heat transfer coefficient is. This also marks the difference between
the free convection and forced convection. Hence the use of fans in refrigerating the
electronics of a computer or similar.
The convection heat flux is considered positive if heat is transferred from the surface
to to the fluid and negative if heat is transferred to the surface.
Heat radiation
Thermal radiation is energy emitted by matter that is at a nonzero temperature.
Radiation is the transport of energy via electromagnetic waves, or alternatively, pho-
tons. While the transfer of energy by conduction or convection requires the presence
of a material as a medium, radiation does not. In fact, radiation is more efficient in
the vacuum.
The surface emissive power E, is the rate per uni area at which thermal energy
is emitted by a surface. Stefan Boltzmann’s Law defines an upper limit for the
emissive power as
Eb = σ · T 4s (2.5.6)
where Ts is the temperature of the surface and σ is Stefan Boltzmann’s constant
σ = 6, 57 × 108W/m2K. A surface emitting this power is named a blackbody or
ideal radiator. The flux emitted by a real surface though, is less, and it also depends
on the surface characteristic of emissivity ε [adimensional].
E = ε · σ · T 4s (2.5.7)
The emissivity of a material can take values between 0 and 1, being this last the
emissivity of a black body.
Radiation may also be incident on a surface from its surroundings. The rate at
which radiation is incident on a unit area of a surface is the irradiation G. De-
pending on the surface, a smaller or a bigger part of this incident radiation will be
absorbed by the surface. This depends on the absorptivity (α [adimensional]) of
the material. The rate at which the radiant energy is absorbed per unit are by a
surface, is quantified by the following expression.
Gabs = α ·G (2.5.8)
Absorptivity may also take values between 0 and 1, with the last being the value
of an opaque surface, one that reflects all the radiation received. It is important to
note that, the value of α depends on the nature of the irradiation, as well as on the
surface itself. The same surface will absorb the sun’s radiation differently than that
emitted by a microwave or a furnace.
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In many engineering problems liquids can be considered opaque to radiation heat
transfer, and gases can be considered transparent to it [5].
The net radiation heat transfer from a surface is calculated as the difference be-





= ε · Eb · Ts − α ·G (2.5.9)
And if the surface is assumed to be a grey surface (α = ε), the net radiation heat
transfer from the surface can be expressed as
qrad” = ε · σ · (T 4s − T 4sur) (2.5.10)
One of the most common ways to calculate the radiation heat transferred to and
from a surface is the radiosity method. In it, each surface part of the problem is
related to every other surface individually via the view factors (Fki), a measure of
how exposed one surface is to another surface’s radiation. Each surface receives some
energy by the process called irradiation (radiant energy incident on the surface, gk)
and radiates some energy through the process called radiosity (or radiant energy
that leaves the surface, jk). Then, the net radiation heat transfer that leaves the
surface per unit are is
qrad,k = jk − gk (2.5.11)
Where, for as many surfaces as there are (N surfaces), the amount of radiating
heat exchanged by a generic surface k, can be calculated resolving a system of 2N
equations and 2N unknown terms where the radiosity and irradiation for the surface
k are respectively calculated as





Fki · ji (2.5.13)
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Chapter 3
STATE OF THE ART
During the last decade noticeable effects of climate change have raised the aware-
ness of its existence to an ever growing part of the society. With it, new and not so
new energy technologies have made its appearance into, at least, the most advanced
countries population’s everyday life. More and more often, terms as renewable en-
ergy sources or clean energy are used and the society is growing accustomed to those
related with them, because of its direct effect on their lives. From wind turbines and
solar panels, both electrical energy generators, to the electric motors that consume
it giving mechanical work, going through the elements that store this energy, the
batteries.
If in the last decade renewable energy generation technologies were sitting in the hot
spot of public dialogue, batteries have nowadays taken over this place. The problem
with many renewable energy sources is that one can not turn them on and off at
convenience at any time of the day, generating and supplying the energy demanded.
This is the battery’s job to do, to store energy as a gasoline tank used to do, so that
when in need, at any moment, it can be consumed regardless of the generation in
that same instant of the day.
Society’s change in beliefs, needs and likes are directly translated into the industry.
This last one, always changing and adapting to satisfy what the customer demands.
In this way, the automobile industry has seen the emergence of new brands and their
electric vehicles, whilst most of the traditional manufacturers have lazily introduced
their hybrid - vehicles combining both electric and thermal power-trains - and elec-
tric technologies.
This is been the automobile industry race for some years now, with millions of euros
invested in investigation by most of the biggest existing companies and the emerging
too. The major concerns about electric mobility today, are directly related to the
battery: mileage of the vehicle, longevity, safety, price, etc. Every manufacturer is
trying to find the formula to be able to store the maximum energy in the minimum
space possible, and to be able to provide a great amount of power without putting
in risk the battery’s State of Health (SoH) and overdoing any safety parameters.
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Competition is usually the engine pulling technology to new standards. Because
of the high performance that any competition or racing machine wants to achieve,
every year boundaries of what was possible before are pushed forwards. Recently,
the Formula E competition is been growing a lot and it has high expectations, just
like Moto E, with its first season in 2019. This is good news for the electromotive
sector, with technology being developed, tested, proven and re-engineered in the
racing field under the maximum requirements.
As this thesis focuses on a battery for a racing motorcycle, it is going to concentrate
into the electric motorcycle world. In this way, most of the research can be directly
applied. Nevertheless, technology used by electric cars has also been researched and
explained for a better understanding of the needs of the battery and the solutions
applied by the world leading manufacturers.
Hence, the idea behind the next two sections is to give an overview of the technolo-
gies currently used in competition electric motorcycles and other high end solutions
that can be found throughout the battery and electromotive industry, and that can
be applied on racing motorcycles or, at least, their principles may give both the
engineer and reader some insights or inspiration on how to approach the challenge
that a racing motorcycle’s battery thermal management is.
3.1 Competition electric vehicles
The pinnacle of the electric vehicle competition is the Formula E. The championship
started in 2014, when Williams Advanced Engineering was the sole supplier of the
battery system for the entire Formula E grid until 2018. The company’s battery
expertise originated from Formula One, following the introduction of KERS – in-
cluding new batteries and battery management systems – into the sport in 2009. In
Formula E, the battery has to power cars running at speeds around 225km/h, yet
it still has to be practical in terms of safety, aerodynamics, range and recharging
times [6].
Williams Advanced Engineering’s designed and built battery, shown in Figure 3.1,
was able to deliver 200kW of maximum power, the equivalent to 268HP. The size of
the battery was 700mm wide, 800mm long and 500mm tall, containing more than
150 cells with a weight of around 325kg, and mounted onto a car that weights around
880kg. The maximum capacity of this battery was 30kWh.
The battery of a Formula E then, delivers high amounts of power during prolonged
periods of time, which leads to the battery heating up. Therefore, the thermal man-
agement of the battery in this cars is really important for the overall performance,
if some cells get too hot the car will loose some capacity, with the battery not being
able to provide the car with the same power. If it continues heating,the battery will
self-disconnect to avoid any major safety risks.
ESEIAAT - UPC 28
3 June 30, 2020
Figure 3.1: Williams Advanced Engineering’s battery pack
Source: Formula E
To cool the battery down, Williams used a liquid based system, with the liquid
being a special chemical that is not conductive in electricity, but it has good cooling
characteristics. This dielectric liquid, was pumped around every single cell and
part of the electronic system to control the temperature in it. This is a complex
system, adding weight to the whole of the battery system. To compensate this
fact, Williams was able to use the battery pack as a structural member of the car,
effectively replacing the combustion engine in a Formula One car or a any structural
element needed for the means of structural safety and compliance of its requirements.
3.2 Competition electric motorcycles
The highest level of competition in electric motorcycles nowadays is the newly es-
tablished FIM Enel MotoE™ World Cup. This competition is intended to be the
Moto Gp of electric motorcycles.
In it, each team is given the same motorcycle at the beginning of the season, the
"Ego Corsa", which is exclusively designed by Energica, for the FIM Enel MotoE
World Cup. The Ego Corsa is able to achieve a maximum speed of 270km/h with
its 120 kW motor and a High Voltage Lithium Ion Battery pack of approximately
20 kWh [7], which is enough to power the motorcycle under racing conditions for
around 7 laps in a world class circuit.
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Figure 3.2: Energica Ego Corsa
Source: Energica
The weight of the motorcycle is 262kg. Thus, the power to weigh ratio is 0,46kW/kg
and in horse power 0,62HP/kg, whilst the Moto GP motorcycles have a ratio of
1,65HP/kg with a power of up to 260HP and a weight of 158kg. This might seem
a bad ratio for the Moto E motorcycles, and it is, but it is less daunting if one
keeps in mind that, the electric prototypes deliver full torque from the first second
and that it is higher than the torque that a Moto Gp motorcycle can deliver. In
counter-position, the thermal engine motorcycles achieve their highest torque at a
few thousand rpms, therefore, the acceleration from 0 to 100km/h on both motor-
cycles is around the same time and under 3 seconds.
In Figure 3.3 one can see the battery, being it the grey rectangular box on the
front part of the motorcycle. In this case, the battery pack’s enclosure is made in
anodised aluminum with no fins on the lateral surfaces, but with some patterns on
the front. There is also a radiator in front of the battery pack to refrigerate the wa-
ter from the cooling system. It is not clear whether the water cooling system is used
for the battery or the converter. At the very least, the battery is refrigerated by the
convection and radiation to the air flowing around it, using the forced convection of
high speeds.
ESEIAAT - UPC 30
3 June 30, 2020
Figure 3.3: Energica Ego Corsa without fairing
Source: Motorcycle.com
Taking a closer look at the competition to which the motorcycle powered by the
battery studied in this thesis is enrolled, MotoStudent, it is important to keep in
mind that the prototypes competing, are entirely designed and built by university
students and the support of their sponsors.
As examples of solutions implemented in MotoStudent prototypes, it is relevant
to study the previous MotoSpirit’s prototypes. MotoSpirit has participated two
times in the electric category. In both of them, their battery thermal management
system was air based, with an inlet at the front of the prototype and some extracting
fans on the rear part. In both cases, the system did not work as efficiently as it
was intended to because of the difficulty the air would find to move through the
battery cells, from the inlet to the outlet. Figure 3.4 shows the battery pack of the
2017-2018 edition, with the air inlets on the left hand of the front wall (from the
perspective shown in Figure 3.4, where the battery pack is seen from the rear left
side), and the inlets on the same side of the posterior walls. In this case, the air was
travelling not through the cells but the connections - on the left hand side of the
battery pack.
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Figure 3.4: MotoSpirit’s E2 (2017-2018) prototype’s battery pack
Source: MotoSpirit
Similarly, the prototype presented by E-Ride, the ETSEIB team, used an air based
system to cool the battery pack, having the air flow through a channel from the
front of the motorcycle to the inlet of the battery pack, using fans to extract the air
from the inside [8].
Figure 3.5: E-One prototype’s battery pack
Source: ERide ETSEIB
After having reviewed these different systems, and with the knowledge of basic heat
transfer, it is clear that liquid based thermal management systems are more efficient
for cooling the elements contained in a battery pack. Nevertheless, it comes with
two major downsides, the cost of the manufacturing of the system and the added
weight of the liquid, the circuit through which this flows, the pump and the radiator
or radiators dissipating the heat gained by the liquid.
Although air based cooling systems are less efficient, they are lighter, simpler and
easier to implement. Therefore, in electric motorcycles, that already weight con-
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siderably more than the equivalent thermal engine motorcycles power wise, the
tendency until now, has been to keep is simple and not add any more weight to the
prototypes. In any case, it is important to study the thermodynamics of a battery
pack to determine its thermal management needs and in this way, to be able to find
out which and where are the critical point to monitor and then, to decide whether
implementing a cooling system is needed or not and which type is the best for the
motorcycle studied.
3.3 Street applied solutions
Solutions incorporated in vehicles designed to be used in everyday life much like
personal transportation or mobility, vary from no thermal management, to air or
liquid based systems.
The electric motorcycles that do not use a cooling system for the battery, other
than the always existing free convection, forced convection when in motion and ra-
diation heat transfer through the walls of the battery pack, are usually motorcycles
with a small battery and low power motors.
Figure 3.6: KTM Freeride E-XC
Source: KTM
In these category is where the electric offroad motorcycles or supermotos fall. An
example of these motorcycles is the KTM Freeride E-XC shown in Figure 3.6. Its
motor has a nominal power of 9kW, a maximum power of 18kW and the battery’s
energy capacity is 3,9kWh. In this cases usually the motor is the component work-
ing closer to its limit, while the battery does not need to provide high currents for
prolonged periods of time. The KTM Freeride E-XC weights 108kg, thus its power
to weight ratio is 0,23HP/kg 1.
1Calculated with the maximum power value, 18kW = 24,5HP
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In naked style electric motorcycles, where the body is bigger, heavier and high
speeds are demanded during long periods of time, the electric motor and the bat-
tery they mount is bigger as well. The ZERO Motorcycles SRF shown in Figure 3.7
is a good example of this. In this case, the motor has a nominal power of 40kW, a
maximum power of 82kW demanding currents of up to 900A and the battery has
a nominal capacity of 12,6kWh. The maximum autonomy range is 320km, and top
speed is 200km/h. The SRF’s weight is 220kg, giving it a power to weight ratio of
0,5HP/kg.
Figure 3.7: ZERO SRF
Source: ZERO
ZEROMotorcycle’s philosophy is to use the minimum moving parts possible, making
their motorcycles simple and reliable. In concordance with this, their battery pack
takes advantage of conduction heat transfer - the most efficient mode of heat transfer
- to bring the heat from the cells inside the battery pack to the external walls, where
it is dissipated via the aluminum heat-sink housing. This idea is illustrated in Figure
3.8.
Figure 3.8: ZERO SRF’s battery pack
Source: ZERO
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Road racing style motorcycles are equipped with motors that are even more powerful.
An example of this is the Lightning Motorcycles Strike Carbon shown in Figure 3.9,
with a motor of 90kW of power, equivalent to 120HP and a battery with a capacity
of 20kWh. This is a motorcycle prepared to ride at 240km/h, and has a maximum
range of 320kms. The Strike Carbon weights 206kg, and its power to wieght ratio
is 0,58HP/kg. To keep the battery working under proper conditions, Lightning
Motorcycle uses an integrated thermal management system [9].
Figure 3.9: Lightning Motorcycles Strike Carbon
Source: Lightning Motorcycles
Back in 2019, Energica Ego road motorcycles used a combination of air and liquid
system for the thermal management of the battery, according to the Evan Motor’s
dealer who affirmed (Barcelona’s Expoelèctric Fair, November 2019)
This Energica Ego’s battery pack is refrigerated via air, here in the
central part and a liquid cooling system with tubes of a rectangular
section area to improve heat transfer through each series of cells.
As Figure 3.10 shows, the battery pack is made in aluminium and uses a combination
of fins on the outside walls with holes in the middle through which the air can flow
and aid to the refrigeration. In the same Figure 3.10, one can see the radiator used
in the liquid based thermal management system.
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(a) Close up picture of the front of the
Energica Ego’s battery pack
(b) Energica Ego 2019
Figure 3.10: Pouch cells
Sources: Own. Picture taken during the Expoelèctric fair, Barcelona 2019
As Energica states on their website, they have designed its own cooling technology
for the battery pack. What makes it special is its specific ventilation paths that
limit the stress of the battery cells. This provides considerable benefits to both
performance of the vehicle and the life of the battery [10]. This Energica Ego has a
power of 107kW or 145HP and weights 280kg, resulting in a power to weight ratio
of 0,52HP/kg.
From the motorcycles listed, one can see a clear tendency, the higher the power
the motorcycle has to deliver, the bigger the motor and motorcycle in general. More
power means bigger or more cells, making the battery grow. Street motorcycles need
long autonomy ranges, and this means that they need a battery with more capac-
ity. Therefore, manufacturers have to find the balance between autonomy, power
and weight, with the battery being the part using the most space and adding more
weight to the whole.
Other solutions implemented in custom electric cars, are based in two different
stages. In the first, the heat generated by the cells, is transferred by conduction to
aluminum sheets placed on their sides. The second part of the cooling system, is
a circuit through which a cooling liquid flows, refrigerating the aluminum sheets.
This system is usually used in vehicles like cars, with more volume available for the
battery packs, and where forced convection from the battery pack to the air is very
limited.
The majority of electric cars produced by established car manufacturers, as is the
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case of Porsche, place the battery at the bottom of the car, under the seats. The
100% electric Porsche Taycan, is equipped with a 93,4kWh battery and a voltage
of 800V, double the usual amount for electric vehicles. Porsche opted for an higher
voltage lower capacity battery so that all the materials used for the battery connec-
tions and components are smaller and more lightweight but their car still has the
same power. The Taycan battery’s thermal management system is formed by an
integrated refrigeration circuit and a pump and it has the capacity of heating up
or cooling down the battery depending on the ambient and power demand condi-
tions. From top to bottom, the battery pack contains the following elements: control
electronics, battery cells, structure, refrigeration conducts and protection plate as
Figure 3.11.
Figure 3.11: Porsche Taycan’s exploded battery pack
Source: Newsroom
To ensure the maximum heat transfer from the thermal management system to the
battery cells, its conducts are glued to the cell’s structure with a heat conductor
adhesive [11]. In this way, Porsche tries to minimise any heat loss on the lower
protection plate, with the battery being able to store the energy of residual heat
of the liquid circulating through the refrigeration circuit or to be able to circulate
in winter with maximum efficiency. Furthermore, this heat conductor adhesive pro-
vides a cushion for the battery cells, reducing the negative effects of vibrations.
Audi uses the same system in its E-Tron vehicles battery, with a capacity of 95kWh,
what changes from Porsche’s battery are some technical aspects, but the thermal
management system is the same. As can be seen in Figure 3.12, 22 litres of coolant
circulate around the 40 meters of cooling pipes in the Audi e-tron refrigerating the
battery or heating it up to its best performance range of 25ºC ot 45ºC for the cells
[4].
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Figure 3.12: Audi E-Tron’s battery thermal management system
Source: Autoprova
This system, uses all the space under the car’s cockpit and weights around 700kg.
Resulting in a heavy system that requires a lot of components and space but that is
good enough for electric road cars with high power and torque given at any moment
by their electric motors.





4.1 Power and energy calculations
The power that the battery has to be able to supply depends on the motor that the
prototype is going to use. In the case of MotoStudent, every team is given the same
motor, sealed by the organisation. For the VI edition of MotoStudent, this is the
ENGIRO-MS1920.
Figure 4.1: ENGIRO-MS1920 motor
Source: Own source
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The characteristics of the motor that are important for the sizing of the battery
are its nominal and maximum values of voltage and current, and consequently, the
power. These limit values for the ENGIRO-MS1920 motor, collected in Table 4.1 can
be found in the manufacturer’s specification sheet [12] provided by the competition’s
organisation.
Table 4.1: ENGIRO-MS1920 Specifications
Nominal value Maximal value Units
Voltage: 96 200 V
Current: 156 781 A
Power: 13 42 W
Moreover, the organisation regulations, define the maximum value of the voltage
of the battery at 126V [1]. Therefore, with the regulations and limitations of the
components as the framework, the battery can provide the following voltage and
current as maximum values.




One can see from Table 4.1 that the maximum value of the power, does not correlate
to the expression
Pmax = Vmax · Imax (4.1.1)
and that is because in electric motors, the maximum power is not given when the
voltage and current are at its maximum values, in fact, this is never the case. Looking
at the motor power curve in Figure 4.2, one can see that the current and power curves
have different slopes and tendencies.
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Figure 4.2: ENGIRO-MS1920 characteristic parameters
Source: MotoStudent Organisation [12]
To explain this briefly, one has to know that in electric motors, current is related
to torque and velocity or rpms are related to frequency. Electric motors can deliver
full torque from 0rpm to just under nominal velocity values, in this case, around
4.000rpm. This is achieved by controlling the voltage fed to the motor by the con-
verter, being the minimum at low frequencies or rpms, and growing linearly with the
frequency until it reaches its maximum value, which is the point where the torque
curve starts to fall and the power curve flattens [13]. More clearly, having a look at
the nominal value curves, whilst the current is constant, the power is growing at a
constant slope, and if Equation 4.1.1 is correct, it can only be because of an increase
in voltage.
Another important parameter playing a big role in the power and energy calcu-
lations, is the weight of the motorcycle. Both the power and energy needed to
propel a motorcycle from 0 to 100km/h in a given period of time is not the same
for a motorcycle that weights 150kg and another sitting at 260kg. The power for
MotoSpirit’s prototype is defined by the competition organisation. Nevertheless, the
weight is open. For the calculations, the weight assumed for this edition’s prototype
is 150kg, the same weight as the motorcycle designed and built in the previous edi-
tion of MotoStudent (2017-2018) by the MotoSpirit E2 team.
Every motorcycle competing in MotoStudent has to successfully complete a series of
static and dynamic tests before it is labelled as able to take part into the final race.
This is the event for which the motorcycle is designed and optimised. Therefore,
to calculate the energy that a motorcycle battery needs to supply during the whole
race, MotoSpirit used a telemetry of a pre-Moto3 motorcycle racing in Motorland
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Aragón thanks to the help of a collaborator who transferred the data of the teleme-
try in the AIM Race Studio Analysis (R2S Analysis) software. This is the software
used for the majority of road motorcycle racing teams that are not competing at the
highest level, but at national and even European competitions. Figure 4.3 shows
the R2S Analysis software interface with the throttle and velocity of a full lap at
the Motorland circuit on display.
Figure 4.3: R2S Analysis interface with throttle opening (in orange) and velocity
(in green) in front of thr distance
Source: Own source
The same software, has the option of transforming the telemetry data into an excel
sheet. This is used to obtain the data in a format that can be easily treated.
As the battery capacity calculation is one of the first steps of the project, and
at that time the team did not have the definitive gearbox yet, it was not possible to
calculate in an exact or highly precise way, the energy needed for the motorcycle to
complete the race. Nevertheless, the problem was approximated as if the motorcycle
was using a single speed, with a transmission relation of 3 (as with it, the motor
would be running at nominal speed on average to complete a lap), and then, the
time, the torque and velocity data from the telemetry, as well as the throttle opening
where used to calculate the energy consumption of one lap around the Motorland
racetrack.
For the calculations, Matlab is used to treat the data and obtain the Energy values
expended in each lap. In a schematic way, the calculations made are based off of
the values of the velocity at the wheel of the motorcycle from which one can obtain
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And as
V = w · r (4.1.3)















Where R is the transmission relation and the value used is R = 3.
With this, the rotational velocity at the motor rotor is obtained, therefore, the
power consumed by the motor to tun at this speed is
P = V rad/smotor · T (4.1.6)
Where T is the torque.
To calculate the energy needed to complete a lap, what has to be done is to sum the
power expenditure during a certain period of time, exactly the time that it takes
for the motorcycle to complete a lap. Then, by definition the energy is calculated
as follows:
E = P · time (4.1.7)
The Matlbab code used can be found in the Annexes.
With it, the energy expenditure found for each lap and the complete race is col-
lected in Table 4.3.
Table 4.3: Energy expenditure per lap type
Value Units
Warm Up lap: 0,72 kWh
Race start lap: 1,60 kWh
Race lap 1: 1,46 kWh
Honor lap: 0,72 kWh
Full race energy expenditure: 7,42 kWh
This calculations are made always trying to find the worst case scenario, which is
the most energy expenditure so that MotoSpirit’s battery can store enough energy
to complete the different tests and the race without autonomy problems. Also it is
important to note that MotoSpirit does not use energy recovery in this prototype.
1There race is formed by the starting lap and 3 full Race laps.
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4.2 Cells
Once the power and energy demands are established for the battery, it is time to
find a cell that connected in a given combination of series and parallels, can give
the power demanded and store the energy needed to complete the race. The goal in
this step, is to find a cell that meets these requirements and which energy density
helps in minimising the weight and volume of the battery.
The first step is to decide the type of cell. As button cells are not an option for this
application, and prismatic cells are heavy in comparison to pouch cells, the decision
is in between cylindrical and pouch cells. Studying each type of cell and with the
knowledge of previous editions, the pouch cell is selected because of its high energy
density, different form formats, the high capacities that they are able to deliver and
its nominal voltage, reducing a lot the number of cells needed to achieve the power
and energy values compared to cylindrical cells.
MELASTA is one of the highest contributors to the project of MotoSpirit, offer-
ing its cells with a 40% discount. They have hundreds of different pouch cell types,
from which MotoSpirit has to choose one. To decide the one cell that will make
up the battery, the team uses a series of filters to rapidly discern the cells that suit
the application and reduces the number of possible cells to use to 20 different cells.
These filters are based on nominal capacity, maximum discharge rate, energy den-
sity and maximum volume constrains. The idea of the team is to select a cell with
a nominal capacity of 8Ah to 12Ah and with a maximum capacity that would be
able to provide at least 550A, the maximum current allowed by the Sevcon converter.
Moreover, with these values of nominal capacity the aim is to select a cell that
will work under acceptable discharge rates during the race, and not always to the
limit which could cause thermal management problems as well as power losses as-
sociated with the heating of the components. Once the number of cells is reduced
to 20 different pouch cells, the final decision is made calculating the number of
cells needed for the battery to achieve the required values of power, energy and the
connection configuration needed to obtain the battery voltage and current values
(number of cells in series and in parallel), the volume occupied by the total number
of cells and their weight. With this, the possible cells remaining where reduced to
three.
The final decision then, is based on the energy stored by the battery. The cells
that allow to obtain the value of energy storage closer to that obtained with the
calculations is chosen. The most important specifications of the cells are shown in
Table 4.4.
ESEIAAT - UPC 44





Nominal capacity: 10 A
Nominal voltage: 3,7 V
Maximum discharge rate: 10 C
Cell dimensions: 6,1x72,0x199,5 mm
Cell weight: 199,5 g
With the SLPB6572200 cell, the number of cells used in the battery is 168 cells,
with a configuration of 28s6p, giving the battery the numbers collected below.
Table 4.5: Battery specifications
Value Units
Maximum voltage: 117,6 V
Nominal voltage: 103,6 V
Maximum current: 600 A
Nominal current: 60 A
Power at nominal voltage
and current values: 6,22 kW
Maximum power: 70,56 kW
Energy stored at full charge: 7,06 kWh
Volume occupied by the cells: 14,7 L
Total cell weight: 33,52 kg
4.3 Battery Pack
With the cell defined, the Battery department of MotoSpirit, proceeds to design the
battery pack in collaboration with the frame department, as they are closely related
in a motorcycle. In thermal engine motorcycles, the engine block is treated like a
piece of a highly rigid material, and the frame of the motorcycle is built around it
and using the engine as a structural component. In the case of electric motorcy-
cles, two approaches can be taken. Either the battery pack is used as a structural
member or not. On the one hand, considering the battery pack part of the frame
of the motorcycle can add torsional rigidity to the motorcycle frame, and save up
some frame material. However, as the pack has to be strong and rigid, its weight
increases. On the other hand, if the battery pack is not structural, the frame has
to be bigger and heavier to be able to handle every structural effort by itself, but
then the battery pack can be lighter saving a lot of structural and expensive material.
ESEIAAT - UPC 45
4 June 30, 2020
The decision taken is that the battery pack is not a structural element of the mo-
torcycle frame, and that it sits on it because the team has the help of ALTAIR as a
simulation software provider, and the aim is to develop a new and optimised frame
with one of their products, to keep the battery pack simple, light and separate from
the structural parts of the motorcycle, continuing with the design line of a motor-
cycle that is easy and cost efficient in its manufacturing process.
The battery is the biggest entity in the motorcycle, it uses a lot of space and contains
a great part of the weight of the motorcycle. Therefore, its form and positioning
in the motorcycle is no trivial. The aim is always to place it as low as possible for
better motorcycle dynamics reducing the gravity centre of the prototype. However,
MotoSpirit uses a gearbox, adding weight and occupying space. For refrigeration
means, the motor is the element placed lower and more in front of the motorcycle.
In this way the air that hits the motorcycle when it moves, directly travels around
it helping to maintain the temperature low. The gearbox is placed right behind it,
also at the lowest level possible. As a result, the battery has to be placed on top
of these two components. The team then, studies various possible dispositions and
forms of the battery, while designing the frame around it. Figure 4.4 shows the
placement of the motor and so the available space on the motorcycle.
Figure 4.4: Render of the available space in the motorcycle and one of the frame
designs
Source: Own source
In parallel with this process, the structures that hold the cell in place inside the
battery packs are being designed. The main idea of the design of this part is the
modularity, the possibility of placing the structures in different ways creating differ-
ent battery forms to adapt to the available space. As the cell type is the pouch cell,
the holding structures have to be able to keep the cells under certain conditions.
The first one, is to ensure that the cells will stay in place and that they will be able
to withstand some kind of misuses like drops of the motorcycle when unloading it
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from a transport trailer or lateral falls. This is achieved by designing a structure
that holds the cells in a similar way in which books are stored in library shells. Each
cell, separated 2mm from the next by a fin which is also the one holding it in place.
This structure can be seen in Figure 4.5.
Figure 4.5: Render of one structure
Source: Own source
This structures are specifically designed to be manufactured via 3D printing, with
the FDM technology and the machines provided by MotoSpirit’s sponsor POLYNEO
3D. Therefore, each structure is divided into 6 parts which are equal in groups of 2.
There are only 3 different parts design wise, and a full structure contains 2 of each.
One of this parts is the thicker bar that appears in Figure 4.5, placed once the cells
are in the structure to limit its forward movement. The other two, are shown in
Figure 4.6.
(a) Structure part 1 (b) Structure part 2
Figure 4.6: Parts that form the cell supporting structure
Source: Own source
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Once the cells are fixed in place, the pack has to provide certain pressure on the cell
walls to avoid swelling and inner layer separation. This is why, in between each cell
there is a layer of foam, which is intended to provide a slight pressure between the
cells avoiding layer delamination and delaying the swelling of the cell. Even though,
because of the nature of the foam, in the case that the cell had to expand because of
swelling (which usually occurs only after 500 cycles), the foam will shrink allowing
the cell to grow in volume. Figure 4.9 shows how the structure full of cells looks like
once it’s assembled.
Figure 4.7: Picture of the cells and 3D printed structure
Source: Own source
Each structure has the capacity to hold 30 cells in place. The battery has 6 of this
structures in total, with 168 cells, 5 structures are completely filled with cells, and
one contains only 18 cells and leaves space for the IMD provided by Bender and the
connection box where the fuse and relays will be placed.
With this support structures for the cells, and the advancement of the design of
the motorcycle frame, the final form decided for the battery pack is the one that
Figure 4.11 shows. In it, 4 structures are placed horizontally in the front part, with
the one with space for the relays on top, and two structures are placed vertically at
the back of the pack, leaving a space in the middle where the cell connections and
cables will be placed.
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Figure 4.8: Render of the disposition of the cells and structures in the battery
pack (viewed from the right hand rear side)
Source: Own source
The battery pack is not a structural element, and this is noted by its polycarbonate
walls, that will allow the cells, connections and the rest of the elements to be seen
from the outside. To hold the polycarbonate parts together, and provide the struc-
tural resistance needed to hold the cells in place when the motorcycle accelerates
and brakes, there is an aluminum frame all around the polycarbonate box. The bat-
tery pack is designed to be easily assembled and disassembled, with the top walls of
the pack being a cover, which can be opened and through which the engineers can
get to the connections box easily and take the structures and the cells out in a fast
and secure way.
Figure 4.9: Render of the battery pack
Source: Own source
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4.4 Connection method
The battery has a configuration of 28s6p and is connected in parallels first, meaning
that there are 6 cells in parallel connected in series to the next group of 6 cells in
parallel. This decision is made, because in this way, the failure of one cell, does not
affect the full 28 cells in series eliminating all of them, but only affects the capacity
of one parallel that instead of 6 cells would have 5, being a limiting factor in the
current drawn, but the battery voltage and energy, would not be damaged nearly
as much.
Figure 4.10: Scheme of the connection method
Source: Own source
To easily connect the cells in the battery pack, with the configuration described, the
approach is to place the parallels of cells that are next to each other, oriented in
the inverse direction in regards of the cell tabs, so that the physical connection can
be a straight aluminum bar. This disposition of the cells is illustrated in Figure ??,
shows one of the real structures full with cells, where the red and black covers for
the cell tabs show that every 6 cells, the orientation is inverted.
Figure 4.11: Picture of the disposition of the cells in the structure
Source: Own source
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The connection method is based in the use of a plastic PCB plate, where the cell
tabs are firstly placed as Figure 4.12 shows.
Figure 4.12: Render of the disposition of the cells and connection PCB
Source: Own source
Then they are pressed against an aluminum bar with a rectangular section of
200mm2 that serves as the connection between tabs. This is shown in Figure 4.13.
From one structure to the other, the connection is established via cables, as both
packs could have relative movements because of vibrations for example. In this way,
each structure has its connection PCB with its aluminum connections which are
designed to be held in place and with no movement and they are united with cables.
Figure 4.13: Render of the connection in parallel of 6 cells
Source: Own source
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The idea of this connection method is to make it simple for the current to flow with
little energy losses, to keep their volume small and to ensure that the contact surface
between the cell tabs and the aluminum connections is the biggest and most uniform
or reproducible as possible. The section of the aluminum connections is calculated
trying to minimise heat generation via the Joule effect. As there is little space for
the connections in the battery pack, the goal is to keep them as thin as possible
and the PCB distribution helps in doing so. Moreover, as the PCB is a machine
made piece, all the measures and angles are exactly as they should, in this way, the
human factor is avoided. With this design, it is easy to place the cell tabs in their
exact place, and the the aluminum connections obtaining a connection system that
can be done in the same way for every cell, maintaining the contact surface and the
uniformity all around the battery pack.
Furthermore, this system is flexible as one can change the parts as needed (cells
and cell tabs direction, PCB placement and the aluminum connection bar). A key
aspect is that it is simple, based on pressure and big contact surface. The cells
placed in the different leaves of the structures are connected via cables, from one
PCB end to the other’s start. This tries to avoid any damage cause by the effect of
vibrations.





The thermal analysis undergone in this thesis, is made using ElectroFlo by ALTAIR,
a simulation software company sponsoring MotoSpirit for the 2019-2021 season.
Altair ElectroFlo™ is a Thermal package to simulate challenging electronics cooling
and other EDA design applications. Easy to use even for non-CFD experts, it is
capable of solving complex problems involving conduction, natural and forced con-
vection, radiation and conjugate heat transfer [14].
To analyse any geometry with the ElectroFlo software, one has to model it with
a CAD software beforehand. In this case, the educational SOLIDWORKS version,
available to all UPC students is used for the means.
The first step then, is to model the battery pack in SOLIDWORKS. This is a
fundamental part of the process. To successfully run a complete thermal analysis
in ElectroFlo with a personal computer, it is very important that the geometry in-
troduced (or model) and the resultant mesh is not too complex. If the number of
mesh elements is too high, the simulation run-time increments and it could get to
the point where the calculations use all the available computer memory which would
end up in the simulation getting stalled. This means that one can not introduce a
complete battery pack in its full detail, but it has to be smartly simplified. There-
fore, the first step is to decide which are the parts that have to be represented in
the thermal analysis and which can be obviated from the model because they are
not active heat generators nor dissipator, their volume is not too big and they just
add up to the clutter of the mesh.
Following is the redesign in SOLIDWORKS of each and every one of the impor-
tant parts that have been decided to be included in the model. In this case, these
are the cells and their support structures, the separator foam, the connection PCB,
the aluminum connections, the connection box which is treated like a simple plastic
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box and the battery pack walls in polycarbonate. With only the cells and aluminum
connections being active heat generators, all the other parts have to be there because
they are not negligible. The reasons being the volume they occupy is large enough to
be an obstacle for air flows, it would modify the available air in the battery pack too
much and the possibility they have of heating up, which is also part of the analysis
as this could lead to a structural fail.
To justify this, Figure 5.1(a) shows a render of the real cell support structure with
all the different fins supporting each cell and limiting its movement, its attaching
screw holes and every structural detail. On the contrary, Figure 5.1(b) shows the
simplified model prepared for the simulation in ElectroFlo.
(a) Cell support structure (b) Simplified cell support structure
Figure 5.1: Non simplified and simplified renders of the cell support structure
Source: Own source
The results of introducing these geometries are shown in Figures 5.2 (a) and (b)
respectively. In the non simplified model, there are 2.839.460 elements, whilst on
the simplified, there are only 7.854 elements. Of course, this effect compounded
to 6 support structures, 168 cells, 162 foam separators, every attachement of the
aluminum connections to the PCB,... ends up generating millions of mesh elements
that are not manageable for a personal computer running a simulation of this kind.
(a) Mesh of the non simplified structure (b) Mesh of the simplified structure
Figure 5.2: Examples of the mesh in ElectroFlo
Sources: Own source
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The first step in ElectroFlo’s thermal analysis is to define the model and its basic
characteristics such as the measurement units, Key Plane tolerances, the solution
type, the flow regime, the ambient temperature, direction of the gravity force and
the options to include electrical effects and radiation to the analysis. The parameters
used in every simulation presented in this thesis are shown in Table 5.1.
Table 5.1: ElectroFlo simulation parameters
Units: Millimetres
Key Plane Tolerance: 0.1 mm
Solution Type: Steady State X Transient X




Include electrical effects: Yes
Include thermal radiation: Yes
Millimetres are used for convenience and precision in modifying the mesh. The
Key Plane Tolerance defines the smallest distance value allowed between two Key
Planes. Key Planes are created by solid walls and blocks. ElectroFlo creates solids
as a group of blocks with the maximum allowed tolerance chosen when the user
introduces the geometry. If two solids are closer than 0,1mm, with the tolerance set,
their Key planes will be merged, meaning that the position on one or both of the
solid walls will be modified, with the two Key Planes becoming one and the solid
walls being positioned on the same plane.
The solution type is set to transient as there is no point in studying the steady
state of an electric competition motorcycle battery, as the demand changes all the
time. Flow Regime is set to turbulent because of the magnitude of the analysis.
This is a global analysis of the battery, not the analysis of a specific point in the
space nor the analysis of the air flowing right on the surface of a heated element.
The smallest detail one could be interested in is in the order of various millimetres.
The field temperature is established at 23ºC. This is a decision of the MotoSpirit
team for each and every thermal simulation and having in mind that the motorcycle
will race during spring time in the MotorLand Aragón circuit, in Alcañiz, Spain,
and to not be overly positive with the ambient thermal conditions.
Gravity value and direction are obvious. Electrical effects are included, as the rea-
son for the aluminum connections to heat up is the current that goes through them.
Finally, thermal radiation is included because it will exist in the real battery pack.
Even though it is not stated here, there is the possibility to include thermal convec-
tion in the analysis when defining boundary conditions, and it is applied in every
analysis too.
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Next, one has to introduce the geometry modelled using SOLIDWORKS and saved
in STEP file format into ElectroFlo. Once the geometry is in the program, the user
has to define each solid, giving it a name, assigning a material and the resolution
that it wants ElectroFlo to use for the conversion of the STEP file to the ElectroFlo
solid. The higher the detail one wants, the smaller the block resolution it should
apply. This is important if the model contains curved parts and there is a need for
them to be studied closely, as increasing the resolution will increase the Key Planes
and so, the number of elements in the mesh. If the user wants to use a material
that is not on ElectroFlo’s library, they will have to introduce its characteristics and
create the reference for the material in the library.
For the simulation of the thermodynamics of MotoSpirit’s battery pack, the solids
introduced and the materials assigned to them in ElectroFlo are collected in Table
5.2.
Table 5.2: Material assignation to solids in ElectroFlo
Solid Name in ElectroFlo Material assigned
Battery Pack Enclosure: Box Polycarbonate
Cell Structures: Struct PETG
Connections box: Conn_Box Plastic
Connections PCB: PCB Plastic
Aluminum connections: Conn Aluminum
Cells: Cell Aluminum Polyamide Foil2
Foam separator: Foam Low density Polyester
All the relevant thermal characteristics of the materials used in the thermal analysis
can be found in Table 5.3.
Table 5.3: Relevant material characteristics
ρ κ ε
Units kg/m3 J/kgC W/mk adimensional
Polycarbonate: 1220 1200 0,22 0,95
PETG: 1280 1200 0,29 0,82
Plastic: 1000 1670 0,3 0,95
Aluminum: 2701 930 239 0,7
Aluminum Polyamide Foil: 1140 1000 0.4 0,95
Polyester: 130 42 0,3 0,8
Once the geometry is introduced and materials are assigned, the next step is to
create the mesh. One of the main features of ALTAIR’s ElectroFlo software, is
that it creates the mesh by itself. Then the user can accept the mesh as it is, or
2The assignation of Aluminum Polyamide Foil as the material for the cells is justified in section
5.1.1
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they can adjust it globally changing the Key Plane Tolerance of the mesh, which
would change the position of some solid’s walls without much control, or one can
refine the mesh in detail, key plane by key plane. A part from this, one can define
other parameters as mesh grade and maximum size of the elements. Two approaches
are taken here depending on the simulation type. On the one hand, for Non CFD
simulations the mesh is left as ElectroFlo creates it. These are easier to solve for
the machine as they use less memory space because the software is only solving the
Energy equation as can be seen in Figure 5.3.
Figure 5.3: Non CFD solver steps
Source: Own source
On the other hand, for CFD simulations, the mesh is modified changing the Key
Plane tolerance to 1mm, and merging those that happen to be closer than that. This
modification is made because the CFD resolution weights a lot more on the hard-
ware than the Non CFD. In it, the software is solving the electrical field, updating
boundary conditions and radiation, solving the pressure equation, the momentum
equation, the velocity correction equation, and the energy equation. This is shown
in Figure 5.4.
Figure 5.4: CFD solver steps
Source: Own source
The reason behind the fact that the mesh is refined in one case and not the other,
is that with no mesh refinement, so for Non CFD solutions, one makes sure that
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the model is completely correct and precise. This means that in any case, the dis-
tance between solids is respected and there is no contact between materials where
there should be a space as a result of merging key planes. Consequently to mesh
refinement, in some cases, the solids would change its walls positions, getting in
contact with other solids when they should not, affecting the heat transfer solution
as the difference between conduction, convection and radiation heat transfer modes
is highly significant. In the CFD solutions, the main goal is to study the way in
which the air flows inside the battery pack, as well as the tendencies it has to get
stuck or create loops in some points giving an insight of where the MotoSpirit Team
should place air intakes and outlets. Therefore, as a result of some experimentation
and a follow up of errors in the solving process and non rational results, the decision
to split the simulations in two is taken.
In the case of the CFD solution, the mesh is expanded to a few centimetres around
the body of the battery pack, so one can see how it heats on the outside and the
movement of the air around the box, being better able to identify the position of
high heat zones.
The analysis then continues by defining the boundary conditions, which in this
problem are the heat generation of the cells under workload and the currents flow-
ing through the aluminum connections. which also generate heat for the phenomena
of Joule dissipation. Even though the cells are not exactly a block of homogeneous
material, power dissipation is applied to them on each simulation depending on the
discharge rate that they are working on to model their heating under workload1.
Other boundary conditions in the model are voltage and current conditions. These
are applied on the aluminum connection surfaces. A voltage of 0V is applied to one
of the ends of the connection strip serving as a reference, and the current pertinent
to the simulation is applied on the other end of the strip. In this way, the cur-
rent flow is from one end to the other of the aluminum connection strip. A strong
point of ElectroFlo is that it is capable of solving conjugate heat transfer problems.
Therefore, one does not have to apply a power to a conductor as is the case of the
aluminum connections, but it is enough with determining the current that flows
through it. Then, ElectroFlo calculates the heat dissipated via Joule effect due to
the current applied itself.
Another aspect defined as a boundary condition is the integration of heat transfer
via convection in the model. It is in this moment then, when the region to which con-
vection is to be applied is defined, being it the whole battery pack and surroundings.
Radiation is included in the analysis as shown in the ElectroFlo simulation pa-
rameters collected in Table 5.1, but before starting the simulation, the tolerances
for the surfaces to which radiation is applied has to be defined, as there is an upper
limit for the number of surfaces. The tolerance is established between 6mm and
600mm. Then ElectroFlo calculates the view factors of each surface and the model
is ready to be analysed.
1How this is done is explained in section 5.1.1
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This is where the simulation parameters are to be defined. In this step the user
can choose which type of solution they want, full CFD or Non-CFD. Moreover,
transient parameters are defined, with a start time, an end time and the number of
steps (intervals to solve between the start and end time).
With all the boundary conditions and the simulation parameters defined, on can
press on run, and the analysis starts. Once the simulation is finished, ElectroFlo
opens the result viewer and one can check the situation of the model at the very
end of the simulation or at any time step. The user can move the view in the three
different planes x, y and z at different depths to get to the points that are of its
interest.
5.1.1 Cell material and power dissipation in ElectroFlo
As stated in Table 5.2, the material assigned to the cells for the thermal simulation
is named Aluminum Polyamide Foil. In the material assignation process, informa-
tion about the cell cover material was asked to the cell manufacturer (MELASTA),
which shared with MotoSpirit the specification sheet of it. The material used in the
cell cover then, is designated Aluminum Laminate Film and is produced by Showa
Denko Packaging Co., Ltd. The Aluminum laminated film SPALF™ is a composite
of aluminum foil and resin film, and it is used as the pouch for Lithium Batteries
because it is flexible in molding, it is lightweight and has better heat radiation char-
acteristics than a metal-can [15]. From the material datasheet, one can see that
the foil is formed by different layers of polyamide, aluminum foil and polypropilene,
from the outside to the inside [16]. This is why it is decided to use the thermal
properties of the polyamide as the ones given to the cells in ElectroFlo.
With the material defined, one can move on to determine the power dissipated
by the cell under function. Technically, the power dissipated by the cell can be
found with the value of its internal resistance and the current it is giving. From the
cell datasheet, the IR of a new cell is 1,2 +- 0,2mΩ [3]. For the calculations, the
value taken is 1,4mΩ, the worst case scenario. Then, at nominal discharge (1C), the
cell is giving 10A, and at 9C, the cell gives 90A. With this values, one can obtain
the voltage drop of the cell under function as:
Vdrop = IR · I (5.1.1)
With the value of the voltage drop and the current drawn from the cell, one calculates
the power dissipated as
Pdiss = Vdrop · I (5.1.2)
Therfore, for the case of 1C discharge, the power dissipated by the cell is:
V 1Cdrop = 1, 4 · 10−3Ω · 10A = 0, 014V (5.1.3)
P 1Cdiss = 0, 014V · 10A = 0, 14W (5.1.4)
ESEIAAT - UPC 59
5 June 30, 2020
And for the 9C case:
V 1Cdrop = 1, 4× 10−3Ω · 90A = 0, 126V (5.1.5)
P 1Cdiss = 0, 126V · 90A = 11, 34W (5.1.6)
The other way to calculate the power dissipated by the cell is to directly apply Ohms
law
V = I ·R (5.1.7)
and
P = V · I (5.1.8)
then, introducing Ohm’s law into Equation 5.1.8,
P = I2 ·R (5.1.9)
And if the previous calculations where correct, the power dissipated should be the
same:
P 1Cdiss = 102A · 1, 4× 10−3Ω = 0, 14W (5.1.10)
and
P 9Cdiss = 902A · 1, 4× 10−3Ω = 11, 34W (5.1.11)
Although this is the power dissipated by the real cell, one has to make sure that
with the material designated for the cell in the ElectroFlo model, the thermal be-
haviour will be the same or at least very similar. To do so, the first thermal analysis
undergone in ElectroFlo is that of the discharge of the cell at the rate of 9C, as
the MotoSpirit team has the data provided by MELASTA of the voltage, current
drawn, capacity and temperature of the cell on a full discharge at 9C.
The profile of the temperature value of the cell discharging at the given rate, ex-
tracted from MELASTA’s excel sheet is shown in Figure 5.5. The maximum tem-
perature acquired by the cell is 55ºC.
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Figure 5.5: Temperature of the cell during its discharge test
Source: Own source
For the simulation of the discharge of the cell at 9C, a single cell is introduced to
ElectroFlo. The simulation values and boundary conditions applied are collected in
Table 5.4.
Table 5.4: Model summary - Full discharge of one cell at 9C
Value Units
Simulation parameters
Ambient temperature3 25 ºC
Transient parameters
Simulation time: 384 seconds
Time steps: 16
Time intervals: 24 seconds
Boundary conditions
Power dissipated by the cell 11,34 W
The simulation time is set to 384s because this is the time that the cell tested by
MELASTA lasted discharging at 9C before the voltage cut off. Knowing that the
discharge rate is 9C, and that a cell should last for 1 hour if it discharges at 1C,
then, in ideal terms, a cell should last 400s as the following expressions show:
1h3600s1h = 3600s (5.1.12)
3Modified from the 23ºC established for every thermal simulation to match MELASTA’s test
conditions.
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x = 3600s9 = 400s (5.1.14)
The real cell then, lasts for 4% less than it should. Nevertheless, one has to have in
mind that the discharge was undergone with no refrigeration system applied to the
cell, and it was meant to test the highest temperature to which one cell gets when
working under the highest demand that it will be required to work when placed in
the battery.
The temperature results obtained with the simulation of the cell, are shown in
Figure 5.6, where the maximum temperature is 55,15ºC in the middle of the cell.
The minimum temperature of the cell is 48ºC, 7ºC less than the maximum. This
represents a 12,7% difference in the temperature of different parts of the same cell.
Although, the minimum temperature point is found right at the corners of the rect-
angular cell, with all the other parts having a temperature above 52ºC with only a
5,5% difference compared to the maximum.
Figure 5.6: Simulation of the discharge of a cell at 9C
Source: Own source
Moreover, using the Alumimum Polyamide Foil as the material, the simulation shows
a heat profile on the cell surface more similar to that of a real cell under discharge
than materials with which the simulation was tried before such as aluminum. As
can be seen in Figure 5.7 it is not uniform.
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Figure 5.7: Surface temperature evolution of a pouch cell during 5C constant current
discharge obtained by a) simulation and b) measurement at t=250s; c) simulation
and d) measurement at the end of discharge at t=667 s.
Source: ResearchGate
5.1.2 Battery pack model in ElectroFlo
The model that results from following the described process of creating the simplified
geometry and inserting it into ElectroFlo with all the materials assigned to the
different parts can be seen in Figure 5.8.
Figure 5.8: ElectroFlo model
Source: Own source
In the case of the Non-CFD simulations, the mesh is not modified. As a result,
there are 2.533.020 mesh elements as Figure 5.9 shows. This is a high number for an
analysis performed with a personal computer but good enough for the magnitude of
the analysis. Nonetheless, the mesh is extended 10 centimetres around the perimeter
of the battery pack.
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Figure 5.9: Non-CFD ElectroFlo model and mesh
Source: Own source
The CFD solution shares the mesh of the Non-CFD solution at the beginning of the
analysis, but then the mesh Key Plane tolerance is modified to 1mm, merging all
those Key Planes that are closer than the tolerance into one new Key Plane. With
this, the number of mesh elements is reduced to a 29% of that of the Non-CFD
solution, with only 736.776 elements as can be noted in Figure 5.10.
Figure 5.10: CFD ElectroFlo model and mesh
Source: Own source
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5.2 Characteristics, operating states and case sce-
narios
For a team of engineers working on an electric racing motorcycle, it is very impor-
tant to get to know the behaviour of the different parts under function. To get to
know how the real battery works, the team has to take the mounted battery through
a series of processes known as characterisation of the battery.
Even though the engineers have the datasheets of the cells and the different parts
conforming the battery, this step is crucial to determine if every element of the bat-
tery is working correctly, if there is an assembling mistake or if the properties of the
materials are just not as good as the datasheet makes them to be.
To characterise a battery, means to test it and see how close the real characteristics
are to the theoretical values. The first step, is to measure its internal resistance.
This is done by connecting the battery to a passive load, discharging it at the nom-
inal power, from a 100% charged state. The current drawn and the time it takes
to completely discharge the battery are measured and compared to the theoretical
values. This process, is the one simulated in scenario 1. It has the aim to provide
the first impressions on the localisation of the points that heat up the most and how
the air circulates or stagnates in the battery pack.
The characterisation process continues with monitoring the battery at charge and
discharge at nominal and maximum regimes. Again, measuring the current taken in
or drawn and the time it takes to complete the process. With this, usually one can
directly compare the values obtained in the nominal charge and discharge process
with the ones in the datasheet. This gives the engineer an idea of the precision with
which the manufacturer works and its reliance. The goal of this is to obtain the
battery’s IR and efficiency.
Furthermore, this values are the starting point of the battery, meaning that fu-
ture comparisons or calculations of battery’s SoH and SoC have to be assimilated to
this and not the datasheet values. Scenario 1 then, is the same as the discharge of
the battery at nominal discharge. It is in scenario 2 where the thermal behaviour
of the battery is analysed under the maximum discharge rate. This is the case to
analyse in more detail, as it is the one where the battery works under the highest
demands and so, the heat generation will be maximum.
It is important that the values of temperature acquired by the battery compo-
nents in this simulation do not surpass the material’s limits of structural rigidity
and melting point. If the cells got too hot the Battery Management System (BMS)
will have to shut its operation down. Therefore, it is important to analyse that,
structural and operating temperature requirements are not surpassed in any case.
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5.2.1 Hypothesis
To transmit in the most exact possible way the hypothesis and results of the thermo-
dynamics study of MotoSpirit’s battery pack, this is segmented in different regions
which are given different names depending on their position. In this order, and as
Figures 5.11 and 5.12 illustrate, the segments in the front part will be designated
with an F, the middle part where connections are found is labelled with a C and
the rear part (or back) has a B assigned. Then, depending on which side the region
is, left, middle or right, the segment will be referred to as L, ø or R. Following the
same rule, from top to bottom, the segments are finally defined in numbers 1, 2, 3
and 4 for the front (F) packs and connection (C) zone and 1, 2 and 3 for the back
(B) packs.
Figure 5.11: Plant and profile views of the battery pack with the scheme of its
zones
Source: Own source
Figure 5.12: 3D scheme of the zones of the battery pack
Source: Own source
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The way one expects the thermodynamics of the battery pack to work, are the
hypothesis written below. The simulations will either confirm this affirmations or
deny them.
• The most critical point in terms of temperature will be located at the packs
standing at the rear end of the Battery Pack and on the cells situated just above
or around 3/4 of the height of the columns formed by the cells, because they
are situated in an almost closed space with little air movement and surrounded
by other heated cells. Furthermore, the hot air coming from the cells below
(travelling upwards because of the effect temperature has on air density and the
airflows resulting from that) will contribute to an increase of the temperature
of that point.
• Closely following this, the second hottest point will be the in between the FL2
and F2 zones of the second pack in the front (starting the count from the top),
because it has two packs under it and another on top.
• At every pack placed horizontally, the most critical point will be located in
the middle or central part.
• The higher the discharge rate or power demand, the higher the temperature
will be and the more difference there will exist between the critical points and
the average or low temperature ones.
• Low temperature points will be located in the front, lateral and back walls of
the battery pack. The minimum temperature points being the corners of the
packs, and in it, the corners of the PETG structures.
• Another high temperature point will be the line where the F1 zone and the
FL1 zone meet, having in mind this is the highest zone of the Battery Pack,
and that the heated air coming from the cells below may be stagnated there
heating up this zone.
• The less problematic zones will be either B3 or FR4 and FL4. The reasons
for it are that they are located at the end and front of the pack, on the lower
end, a point of heat generation but where the air is not stopped or stagnated
and as it is the lower zone, there is no other heat generating components from
the battery itself beneath it.
• In scenario 1, one expects the temperature differences between different zones
of the battery pack to be smaller than in scenario 2 as the cells with heat up
less. Both in cell temperature and the whole of the battery pack.
• It is expected for the air to travel upwards as it heats up, creating higher
temperatures at the top zones of the battery pack FL-F-FR-1, C1 and BL-
BR-1 zones.
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5.2.2 Scenario 1
The simulation performed in this scenario emulates the discharge of the battery at
its nominal capacity. The goals for the Non-CFD case are to identify the points
that heat up the most, the ones that heat up the less, the differences in operation
temperatures between different parts of the battery, different cells, in one cell alone
and to compare the temperature values to the limits of operation of every material.
The CFD solution aims to provide information of how the air moves in the battery
pack, where it is stagnated and where does it create turbulence that make the closer
elements get hotter and hotter.
Non-CFD Analysis
For the Non-CFD analysis, the simulation parameters are collected in Table 5.5.




Simulation time: 3600 seconds
Time steps: 36
Boundary conditions
Power dissipated by the cell 0,14 W
Reference voltage: 0 V
Current: 60 A
As the discharge rate is 1C, the simulation time is established for 1 hour, as it is
expected for a cell to fully discharge in 1 hour when working at its nominal capacity.
With this parameters for the simulation, its results in regards of maximum and
minimum temperatures are collected in Table 5.6.
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Table 5.6: Heat generation components
Value Units
Model analysis
Maximum temperature: 27,36 ºC
Minimum temperature: 23 ºC
Cell analysis
Maximum temperature: 27,36 ºC
Minimum temperature: 24,6 ºC
Maximum temperature difference in
the same point of different cells: 1,34 (27,36-26,02) ºC
Maximum temperature difference in
a single cell: 1,96 (27,36-25,4) ºC
Aluminum connections analysis
Maximum temperature: 24,56 ºC
The maximum temperature acquired by the structural materials and the compliance
of its limit values are checked in Table 5.7.
Table 5.7: Structural materials temperatures
PETG Unit
Maximum operating temperature: 25,40 ºC
Operating temperature limit: 85 ºC
Polycarbonate Unit
Maximum operating temperature: 24,17 ºC
Operating temperature limit: 115 ºC
Plastic Unit
Maximum operating temperature: 24,52 ºC
Operating temperature limit: 120 ºC
The numeric results of the simulation are useful to rapidly see if the battery would
withstand the power demanded comfortably, correctly or if it could suffer any kind
of failures and safety risks. Even though this is important and basic, what gives a
better understanding of the problem, places the critical points in the 3D model and
serves the purpose to better understand the thermal behaviour of the battery, are
the graphic results exhibited below, where the black dots or lines drawn on the cells
point out the highest temperature points (or zones if the difference is under 0,1ºC).
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(a) Section at the maximum temperature of the
X plane at the F zone
(b) Section at the maximum temper-
ature of the X plane at the R zone
Figure 5.13: X plane section views
Sources: Own source
Figure 5.14: Section at the maximum temperature of the Y plane at the F zone
Source: Own source
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Figure 5.15: Section at the maximum temperature of the Z plane at the F zone
Source: Own source
CFD Analysis
In the case of the CFD analysis, the simulation parameters are collected in Table
5.8.
Table 5.8: Model summary - Full discharge of the battery pack at 1C - CFD analysis
Value Units
Transient parameters
Simulation time: 300 seconds
Time steps: 5
Boundary conditions
Power dissipated by the cell 0,14 W
Reference voltage: 0 V
Current: 60 A
For the means of seeing how the air moves inside the battery pack as the cells and
connections heat up, the CFD simulation is cut at 300 seconds or, what is the same,
5 minutes. This is established as part of finding the balance between the simulation
time and the development of air flows inside the battery pack.
For the CFD solution, the results are presented divided into parts of the battery
pack, where there is significant space available to move and create air flows and
swirls. One of this zones is the FR1 zone, where there are no cells but the connec-
tion box, leaving a good amount of space for the air to flow. The other zone, is the
C zone, in the middle part of the battery pack and between the connections of the
front and rear packs. Other zones in which the air is also moving to and from, are
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found in between the most external cells of the packs and the support structure,
through a 2mm slot. This air flow is given from one pack to the other and from the
packs (the F and R zones) to the connection space (C zone). This flows is more
similar to a laminar flow and will be discussed with the results as a detail.
Starting with the connection box zone and continuing with the C zone, below is
a follow up of the most significant sectional screen shots of the results in the X, Y
and Z planes, all of them taken from the outside to the inside of the pack and from
front to back.
(a) X plane section 1
(b) X plane section 1
Figure 5.16: Connection box zone - X plane sections 1 and 2
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(a) Y plane section 1
(b) Y plane section 2
(c) Y plane section 3
(d) Y plane section 4
Figure 5.17: Connection box zone - Y plane sections 1 to 4
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(a) Z plane section 1
(b) Z plane section 2
(c) Z plane section 3
(d) Z plane section 4
Figure 5.18: Connection box zone - Z plane sections 1 to 4
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(a) X plane section 1
(b) X plane section 2
(c) X plane section 3
Figure 5.19: C zone - X plane sections 1 to 3
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(a) Y plane section 1 (b) Y plane section 2
(c) Y plane section 3 (d) Y plane section 4
(e) Y plane section 5 (f) Y plane section 6
Figure 5.20: C zone - Y plane sections 1 to 6
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(a) Z plane section 1 (b) Z plane section 2
(c) Z plane section 3 (d) Z plane section 4
Figure 5.21: C zone - Z plane sections 1 to 4
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5.2.3 Scenario 2
The simulation performed in this scenario emulates the discharge of the battery at
9C the highest discharge rate at which it will have to work when in function in the
motorcycle. The power and current demands in this case are the highest that the
battery will experiment, as one of the characterisation tests, but not in any case in a
race, as the power demand will be changing constantly instead of being maintained
at the maximum value. This simulation then, aims to provide the assurance that the
battery can withstand this power demand, and that every component works inside
its temperature operation limits and there is no safety risks for the cells and the
battery in general.
The goals for the Non-CFD case of scenario 2 are the same as in scenario 1; to iden-
tify the points that heat up the most, the ones that heat up the less, the differences
in operation temperatures between different parts of the battery, etc. Moreover,
in this case, it is important to try to notice if there are any big differences with
scenario 1, such as the hottest point of the battery changing its location or whether
the difference in operation conditions for different cells are bigger or smaller than
the previous scenario.
The CFD solution aims to provide information of how the air moves in the bat-
tery pack under its higher power demand and with the components heated at its
maximum. It also wants to be the tool that helps detect where the air is stagnated,
where does it create turbulence and the movement patterns or tendencies that it
acquires inside the battery pack, giving insight of where to place air intakes and
outlets to improve the thermal conditions.
Non-CFD Analysis
For the Non-CFD analysis, the simulation parameters are collected in Table 5.9.




Simulation time: 384 seconds
Time steps: 16
Boundary conditions
Power dissipated by the cell 11,34 W
Reference voltage: 0 V
Current: 540 A
As the discharge rate is 9C, the simulation time is established for 384 seconds, as
this is the time that it took for the cell to completely discharge in MELASTA’s
cell physical test. With this parameters for the simulation, its results in regards of
maximum and minimum temperatures are collected in Table 5.10.
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Table 5.10: Heat generation components
Value Units
Model analysis
Maximum temperature: 66,43 ºC
Minimum temperature: 23 ºC
Cell analysis
Maximum temperature: 66,43 ºC
Minimum temperature: 39,03 ºC
Maximum temperature difference in
the same point of different cells: 5,52 (66,43 - 60,91) ºC
Maximum temperature difference in
a single cell: 22,3 (66,39 - 44,09) ºC
Aluminum connections analysis
Maximum temperature: 46,25 ºC
The maximum temperature acquired by the structural materials and the compliance
of its limit values are checked in Table 5.11.
Table 5.11: Structural materials temperatures
PETG Unit
Maximum operating temperature: 45,57 ºC
Operating temperature limit: 85 ºC
Polycarbonate Unit
Maximum operating temperature: 27,74 ºC
Operating temperature limit: 115 ºC
Plastic Unit
Maximum operating temperature: 41,84 ºC
Operating temperature limit: 120 ºC
The graphic results of the simulations for scenario 2 are exhibited below, where the
black dots drawn on the cells point out the highest temperature points.
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(a) Section at the maximum temperature of the
X plane at the F zone
(b) Section at the maximum tem-
perature of the X plane at the R
zone
Figure 5.22: X plane sections at the maximum temperature of the F and B zones
Figure 5.23: Section at the maximum temperature of the Y plane at the F zone
Source: Own source
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Figure 5.24: Section at the maximum temperature of the Z plane at the F zone
Source: Own source
CFD Analysis
For the CFD analysis, the simulation parameters are the ones collected in Table
5.12.
Table 5.12: Model summary - Full discharge of the battery pack at 9C - CFD analysis
Value Units
Transient parameters
Simulation time: 300 seconds
Time steps: 5
Boundary conditions
Power dissipated by the cell 11,34 W
Reference voltage: 0 V
Current: 540 A
In this scenario, the run time for the Non-CFD case is 384s, so the CFD simulation
is cut 84s shy of it. In this case again, the results are presented divided into parts
of the battery pack, where there is significant space available to move and create air
flows and swirls.
Starting with the connection box zone and continuing with the C zone, below is
a follow up of the most significant sectional screen shots of the results in the X, Y
and Z planes, all of them taken from the outside to the inside of the pack and front
to back.
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(a) X plane section 1
(b) X plane section 2
(c) X plane section 3
Figure 5.25: Connection box zone - X plane sections 1 to 3
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(a) Y plane section 1
(b) Y plane section 2
(c) Y plane section 3
(d) Y plane section 4
Figure 5.26: Connection box zone - Y plane sections 1 to 4
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(a) Z plane section 1
(b) Z plane section 2
(c) Z plane section 3
(d) Z plane section 4
Figure 5.27: Connection box zone - Z plane sections 1 to 4
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(a) X plane section 1
(b) X plane section 2
(c) X plane section 3
Figure 5.28: C zone - X plane sections 1 to 3
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(a) Y plane section 1 (b) Y plane section 2
(c) Y plane section 3 (d) Y plane section 4
(e) Y plane section 5 (f) Y plane section 6
Figure 5.29: C zone - Y plane sections 1 to 6
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(a) Z plane section 1 (b) Z plane section 2
(c) Z plane section 3 (d) Z plane section 4
Figure 5.30: C zone - Z plane sections 1 to 4




The results of the simulations are positive in regards of the global battery design and
its normal operation on the motorcycle, with no safety risks in terms of temperature
or battery operation other than the case of simulation two, which is a scenario taken
from the tests made to the battery for its characterisation. It is also true, that there
are some aspects of the design that with small precise modifications can improve
the temperature uniformity between the battery cells, and a simple thermal man-
agement system would help in improving the thermal conditions making the battery
able to withstand any discharge rate.
The analysis of the results, is divided into the two scenarios, explaining the charac-
teristic traits of them and the findings extracted. Finally there is a section where the
comparison of the aspects that take place in both scenarios and details are discussed.
6.1 Scenario 1
The first aspect to analyse is the maximum temperature acquired by the battery
components. In this scenario, as collected in Tables 5.6 and 5.7 in Chapter 5 show,
the temperatures acquired by the cells and components are within the working range
of the same. This is as expected, because the nominal discharge rate does not put
a lot of strain on the cells.
The hottest point of the battery pack in scenario 1, is not exactly the predicted
by the hypothesis, but only for a difference of 0,16ºC to the simulation’s maximum
temperature of 27,36ºC, localised at middle height of the intersection between the
FL3 and F3 zones. This point is situated lower than expected, but seeing the results
it makes sense, because this point is surrounded by one full pack of cells over and
under and the air in this region is not moving as much as in others as can be seen
in the CFD solution. One noticeable fact, is that the hottest point is not located at
the centre of the pack, but at two thirds of its amplitude. This is because the cells
contained in the pack on top, are placed on the FL1 and F1 zones. This moves the
hottest point out to the side, as it would move the gravity centre.
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The coldest points of the battery pack are the polycarbonate box and the PETG
structures at its locations that sit further away from the cells and the centre of the
cell packs. These are the corners at the base of the battery pack.
The maximum temperature difference between cells is only 1,34ºC, the equivalent
to the 5% of the cell temperature. At this low temperatures, this is not a problem
at least in the short term and in the application of the battery. Nevertheless, it can
be improved by limiting the airflow between the cells on the most exterior part of a
pack and the PETG structure. The same with the difference in the operating tem-
perature in a single cell. In this case, the same solution would help, and to further
control the temperature, the air between the structures could be reduced placing
some material that could help in conducting the heat away and to the battery pack
walls in a more uniform and efficient way than the air does. This aspect is treated
more in detail later on in this Chapter.
In the case of the CFD solution, the first zone analysed is the connection box zone.
The air that happens to initially be in this zone is the coolest air in the battery
pack, as this is the only zone free of heating components. Therefore, its tendency is
to flow downwards. On the other hand though, the air that is been heated on the
rest of the battery pack, flows upwards through the central pat of the battery pack
and once it gets to the top, changes its direction to the sides and the connection
box zone. This interaction between the cool air exiting the zone and the hot air
accessing it, creates certain turbulence making the movement of both flows more
difficult. This is clearly seen in the Figures related to the connection box in the
study and in Figure 6.1 as the clearest example.
Figure 6.1: X plane section - Turbulence created at the connection box zone
Source: Own source
The next studied zone is the C zone in middle of the battery pack, where the
connections are found. The CFD solution reveals how the air moves around the
connection PCBs and aluminum bars. The first thing that one notices, is that the
air flows away from the aluminum connections that are the hottest element, and
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to the coolest zone that is near its position. The second, is that there is a clear
tendency of the flow in this area. The air moves from the upper part of the pack, on
the right side (FR1 zone), where the connection box is, then down to the bottom
through an airflow that travels close to the exterior wall. The same happens with
the air on the left side (FL1 zone), it flows down to the bottom while being close
to the exterior wall, that is cooler than the middle of the pack. When it gets to the
bottom, the air then travels to the middle of the pack (with the same fashion in
both sides) and climbs up again to find the most upper part, where there is more
space and where there are more turbulence and the air flows faster. From there, as
it cools down or as more heated air comes from beneath, this air is pushed back to
the connection box zone. Figures 6.2 and 6.3 show this tendency clearly. Specifically
in Figure 6.2 (a), one can see how a big swirl forms, with the air travelling upwards
on the middle right part of the image and downwards on the left hand sight.
(a) X plane section at the C zone, top part
(b) X plane section at the C zone, bottom part
Figure 6.2: Connection box zone - Y plane sections 1 to 4
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On the Z plane section, it can be seen how the air moves to the FR1 zone once it
reaches the top, and how it curls when it gets close to the connection box. Part of
the air makes into that zone and another travels downwards directly.
Figure 6.3: C zone - Z plane section
6.2 Scenario 2
The maximum temperature acquired by the model in scenario 2 to gets up to
66,43ºC. The maximum temperature acquired by the components of the battery does
not surpass the material working limits in any case for any structural component.
Therefore, this simulation confirms that the materials chosen and its dimensions are
appropriate. On the other hand, the cell temperature climbs up to 66,43ºC, which
is 11ºC more than when the cell is tested alone, and 6,43ºC higher than the upper
operation limit of the cell according to the cell datasheet [3]. Therefore, this indi-
cates that some kind of thermal management has to be applied to refrigerate the
cells. It is true that this is type of discharge is not going to happen when the battery
is assembled in the prototype, as the current demand will not be continuously 9C,
and a period of high power and current demand, will be followed by periods of 0
demand and lower rates. These will help the battery recover to a better temperature
condition. Nevertheless, this simulation is part of the characterisation process of the
battery, so it is recommended to implement a cooling system that helps to keep the
cells under 60ºC.
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The hottest point has moved to a place closer to that predicted by the hypothe-
sis. Although now it is located in the pack found in the F zone level 2, it is not
centred but, again, placed at two thirds of its amplitude as this is where the middle
of the pack on top sits. It is important to say that, as long as the hottest point has
moved, the temperature difference between this and the hottest point in scenario
1, for this simulation is around 0,1ºC. This is true for most of the other cells in
the battery pack, with the majority of them having a maximum temperature above
65ºC. Only the ones at the extremes of the PETG structures and close to the poly-
carbonate walls have a maximum temperature of 61,63ºC.
This phenomena is carried from the first simulation, where the temperature dif-
ference between the same points of the cell in different cells was 1,33ºC and in the
case of simulation 2 it is 5,52ºC, which is equivalent to an 8% temperature differ-
ence. Then, as predicted in the hypothesis, the higher the discharge rate, the higher
the difference in the temperature that different cells acquire. This is translated into
different thermal conditions for different cells. As studied, this is harmful for the
hotter cells SoH, putting more stress on them. The good news is that the majority
of cells heat up to above the 65ºC mark, meaning that, the vast majority of cells
are working under similar conditions. Therefore, the thermal management system
has to be able to cool down the whole of the battery pack, with no special needs
for certain parts other than the cells placed at the exterior or the PETG structures,
making its implementation much easier.
As in simulation 1, the coldest points of the battery pack are the polycarbonate
box and the PETG structures at its locations that sit further away from the cells
and the centre of the cell packs. Figure 6.4 shows the exterior of the battery pack,
with the temperature distribution on the polycarbonate walls that helps in identify-
ing where these points are located at, and where the heat sources inside the battery
pack are.
Figure 6.4: Temperature distribution on the exterior walls of the battery pack
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The CFD solution of simulation 2, brings no major facts nor any discrepancies with
simulation 1’s CFD solution. One aspect to notice is that this simulation’s run time
was 300s, which is a period well over the limit of those in which the rider will be
demanding such power from the battery when riding on the racetrack. During these
300s the maximum temperature acquired by the cells is 40,05ºC, which is in between
the cell operation limits and in fact, its on the limit of the best operation region
(20ºC - 40ºC for most Li-Ion cells).
What is noticeable in regards of the airflows, is that in this case the air seems
to travel slower, with smaller velocity gradients. Taking a closer look and analysing
different section screenshots, the air particles seem to travel more freely, not in big
groups or thick currents of airflows, but in more disperse and smaller ones. This is
can be specially noted in the comparison to simulation 1 made in the next section.
6.3 Comparison of the scenarios and details
The first comparison point is the maximum temperature of the cells in each simu-
lation, 27,36ºC in the first and 66,43ºC in the second. This is a 39,07ºC difference.
This broad spectrum of temperatures that the cell acquires under workload can be
heavily harmful on the battery SoH if there is not a thermal management system
that cools down the cells when they work under high demands, or that at the very
least, aids in reducing the maximum temperature to make the range smaller.
It is true that for a battery designed for a racing motorcycle that has to race during
a week only, the reduction of its SoH is not the biggest problem as long as the values
are kept in the operational ranges. A 1% or 2% SoH decrease over the weekend might
not be noticed by the rider, but if the conditions are really bad and the degradation
is too fast in such a short time, other problems may occur like the failure of single
cells which would highly affect the battery performance.
The difference of temperature in one single cell is a smaller problem, as the cells
naturally do not heat up uniformly. This is more difficult to control, and from the
simulations, and as can be seen in Figure 6.5 the biggest differences in the cell tem-
perature are given at the corners and the limits of its volume, but the other 80% of
the surface has a temperature range of 1ºC of difference. The temperature at the
centre of the cell is 66,43ºC whilst on the black mark on the top left of the cell, the
temperature is 65,53ºC, only 0,9ºC of difference.
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Figure 6.5: Temperature distribution on the hottest cell - simulation 2
The temperature of the aluminum connection goes from 24,56ºC on simulation1
to 46,25ºC on simulation 2. The connections then, heat up just under 20ºC than
the cells. The difference in temperature between both scenarios is not of major
importance because in both cases the temperature acquired is low. This points out
that the section of the aluminum connections can be reduced in certain measure.
Not a lot because reducing it too much would cause the aluminum to heat up to
higher temperature as a consequence of the Joule effect, which means that there
would be more energy losses in the form of thermal energy. Therefore, and for the
thermal management of the battery pack, it is recommended that the connections
keep the section as it is.
Figure 6.6: Temperature distribution on aluminum connections in simulation 2
Figure 6.6 also shows how the PETG structures are heated primarily via conduc-
tion by the cells that they hold in place, with the section of the structure working
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at different temperatures. There are areas that are always working under higher
temperatures than others. This should not be a problem as the temperatures are
around 40ºC below its structural properties loss or operating limit temperature.
One of the principal differences between the two scenarios, is the behaviour of the
air, not in the macro flows that are created in the battery pack, but in its micro
behaviour. In Figures 6.8 and 6.10 one can notice the difference as they are a screen-
shot of the exact same section of simulations 1 and 2.
In both simulations, the air flows in a similar way around the battery pack, but
taking a closer look, one can see that in simulation 1, the velocity gradients are big-
ger (the arrows are longer) and this gives the impression that the air moves faster
and in bigger flows. In the simulation 2 sections, the air moves slower, with less
swirls and turbulence, even though, if they exist, they are bigger and more organ-
ised compared to the ones in simulation 1, which has more swirls but smaller and
the impression it gives is that this first case is more chaotic.
In simulation 1, the air is generally at a lower temperature than in simulation 2. In
the first, the average air temperature is around 23,1ºC, whilst in the second it is
about 33ºC. With the temperatures as reference, the density of the air in simulation
1 is 1,1997 kg/m[3 and for simulation 2 is 1,1527 kg/m[3. In the second case the
air has a lower density, which would explain the fact that there seems to be less air
in the fluxes or airflows. At the same time and as the volume of the battery pack
has not changed, the pressure is higher in simulation 2, which can make flows more
scarce and difficult.
(a) Y plane section at the connection box zone - Simulation 1
(b) Y plane section at the connection box zone - Simulation 2
Figure 6.7: Comparison of sections in simulations 1 and 2 of the connection box
zone, Y plane
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(a) Z plane section at the connection box zone - Simulation 1
(b) Z plane section at the connection box zone - Simulation 2
Figure 6.8: Comparison of sections in simulations 1 and 2 of the connection box
zone, Z plane
(a) Y plane section at the C zone -
Simulation 1
(b) Y plane section at the C zone -
Simulation 2
Figure 6.9: Comparison of sections in simulations 1 and 2 of the C zone, Y plane
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(a) Z plane section at the C zone -
Simulation 1
(b) Z plane section at the C zone -
Simulation 2
Figure 6.10: Comparison of sections in simulations 1 and 2 of the C zone, Z plane
One last but important detail, is the one creating the temperature difference in the
most exterior cells of the packs. As there is a slot of 2mm between the last cell and
the PETG structure, the air can flow through it, between the cell and the battery
pack wall, refrigerating in this way the cell in that position. Figure 6.11 shows the
fluxes to and from the F zone, on the right and left of the pack respectively. One
can see that it correlates with the general movement of the air in the C zone, flowing
down on the laterals of the battery pack, close to the walls.
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(a) Y plane section at right side
of the battery pack
(b) Y plane section at the left
hand side of the battery pack
(c) 2mm slot between the cell and PETG structure, X
plane section
Figure 6.11: Detail of the air flowing through the 2mm slot at the F zone
The same happens with the packs on the B part. In this case, the 2mm slots are
found on the top and the bottom positions due to the vertical orientation of the
structures. As Figure 6.12 (a) shows, the air enters this zone through the BR1
zone, and it descends down to the bottom via the lateral wall and the rear end of
the pack. This air then travels to the space available in between both packs, where
it is gradually heated up, which makes it lose density and it travels upwards, leaving
free space and a lower pressure zone to which more cool air flows. Once this hot air
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in the middle space gets to the top of the pack, it can either flow back to the rear
part where it will begin the loop again, or it can flow out to the C zone via the 2mm
slot in the top part of the pack situated at the BL zone. This is an interesting flow.
On the high side, it helps to refrigerate he cells in the whole of the packs situated at
the B zone. The downside is, that this flow also promotes the fact that the cells on
the exterior of the pack (the top and the bottom in this case) have a bigger difference
in the operating temperature. This flow, should be utilised to favour the positive
aspects, so to cool down the packs as it flows through the lateral walls and the space
in the middle of the pack whilst trying to avoid the temperature difference on the
exterior cells. This could be achieved placing a sheet of an insulating material above
or under the most exterior cells which still allowed the air to flow.
(a) Z plane section at the top of the B zone
packs
(b) Z plane section at the bottom of the
B zone packs
(c) Airflow between the two PETG
structures at the B zone close to the C zone
(d) Airflow between the two PETG
structures at the B zone close to the back
end of the packs
Figure 6.12: Detail of the air flowing through the 2mm slot at the B zone
ESEIAAT - UPC 99
Chapter 7
CONCLUSIONS
After studying the different solutions applied by the world’s leading manufacturers
to solve the problem of the thermal management and the study of MotoSpirit’s elec-
tric motorcycle’s battery, the conclusion is that a thermal management system has
to be implemented in the battery pack as it surpasses the cell limit temperature in
simulation 2. It does not have to be complex, but simple, economic and lightweight.
This is because the goal of the motorcycle is to complete a racing week in the Mo-
torLand Aragón racetrack only once, and the goal of the thermal management is to
keep the cells temperature below its working limit of 60ºC. All this, whilst keeping
the weight as low as possible to achieve a light motorcycle that behaves well in
the circuit curves and not forgetting that MotoSpirit is a student association and
does not have any own source of financing but its with the help of the sponsors
and collaborators that the project is possible. Therefore, implementing air intakes
and extractor fans could be the solution. This is a simple and economic system. It
can help the air inside the battery pack be renewed with fresh air from the outside
instead of it contributing to the heating of the battery components as it does if there
is not a thermal management system applied.
The first conclusion is then, that a thermal management system has to be incor-
porated to keep the maximum temperature of the cells in its working range. The
second, is to modify the geometry of the PETG structures holding the cells so that
the air does not flow around the most exterior cells cooling them down and making
them work under different stress conditions than the cells in the middle of the bat-
tery pack. Instead, the air should flow through the spaces between the packs in the
front and back, refrigerating the cells from its thinner side but in the same way for
all of them. This would signify an homogenisation of the conditions at which the
battery cells perform. Another solution, is to keep the PETG structures as they are
but to place an insulator sheet on the walls of the cells at the exterior of the pack.
In this way, the air can continue flowing through the cells and those cells placed at
the extremes of the structure will still hold a more similar condition to those in the
centre. This would help in maintaining the battery’s SoH. This is important not for
the first goal of the motorcycle but one of its secondary goals, to be able to complete
the racing week and be in a good condition so that the next MotoSpirit team can
work on it, and get to know how things work before they build their own prototype.
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The CFD simulations give clear results. There is a principal flow of air circulat-
ing in circles in the C zone. If this air can be renewed with some kind of thermal
management, all the air going from this zone to the F and B zones where the cells are
will be cooler aiding in keeping the cells temperature low. To do so, it is important
to take advantage of the natural movement of the air. Therefore, the best solution
seems to be on the lines on using air intakes in the lower C zone and extractor fans
forcing it out of the pack at the top of the same zone.
Another conclusion extracted from this thesis is related to the way in which car
manufacturers design their battery packs. The more cells stacked on top of each
other, the worst the conditions of stress will be for the cells in the middle and
the higher the thermal operating differences with the cells on the extremes. This
is probably why car manufacturers place the battery pack at the lowest point of
the car, besides from a dynamics point of view. Distributing the cells in a bigger
area, in a pack with lower height, it is easier to implement a thermal management
system that keeps the cells working under the right conditions and with minimal
differences in thermal conditions between different locations of the battery pack. Of
course, there is not a straightforward way to implement this distribution in a motor-
cycle because of its volume limitations, but their battery packs also contain less cells.
Related to this, the best way in which to place the cells is like the packs in the
front of MotoSpirit’s battery pack. This allows for a better uniformity of cell tem-
perature under workload as well as an easier thermal management.
If one designed a new battery pack from scratch after having done this study, the
materials used and the basic idea of the distribution of the cells inside the battery
pack would be different. The reason is that the goal would be to use the conduction
heat transfer mode to bring the heat from the inner parts of the battery pack to the
walls of it ans then transmit this energy to the outside air through fins for example.
In a similar way as the ZERO battery packs. This would help in the temperature
uniformity of the cells as well as in a reduction of occupied volume.
Other ideas emerged during the simulations and the study of solutions implemented
by the real electric motorcycles and car manufacturers, is to use some kind of ther-
moplastic adhesive which holds the cells in place and transmits the heat very well.
Then some sheets of heat conducting materials could be placed at the between cell
structures, close to the cell’s side walls or between the cells themselves to conduct
the heat to the outside of the battery pack via conduction mode heat transfer (the
most efficient) or to thermally managed zones. Again, this would have to be done
in a different battery pack distribution wit less space between cells as using all this
material in MotoSpirit E3’s prototype battery pack would probably add too much
weight to the motorcycle. In conclusion, implementing a solution that is less air
based, makes the battery pack more compact and with the conduction heat transfer
mode as the principal source of heat dissipation around the cells.
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7.1 A future line
The continuation of this study should be focused on the analysis of different possible
solutions for the thermal management, such as the placement of air intakes, air out-
lets and or extracting fans, in different zones, giving information of how the solution
helps, how the battery behaves and which is the best way to solve the problems
encountered.
The study of the subject of this thesis has helped and will help the MotoSpirit
E3 team, designing the prototype that will race in MotoStudent 2019-2020. The
findings of this work have directly affected the approach that MotoSpirit has taken
on the design of the battery.
Moreover, the future generations of the MotoSpirit team, will be able to directly
receive the knowledge gained with this study, easily avoiding mistakes made in the
design of the battery studied, having a better idea of which are the best ways to
approach the problem of thermal management in a battery, being able to adopt the
positive aspects found and to avoid the mistakes made in the design phase, making
it easier and faster to design a battery with the incorporation of thermal manage-
ment.
Not only this thesis aims to serve to the future generation of MotoSpirit teams,
but to anyone wanting to learn more about the thermal behaviour of a battery. As
this is a raw battery system, with not many complications nor any kind of thermal
management designed and applied on it other that spatial separations between the
cells ans cell containing structures, it gives a good idea of how the battery works
on an initial state of the design. This helps then, to proceed on one way or an-
other for implementing a thermal management system, either by using a circuit of
tubes through which a liquid coolant circulates, or the circulation of air around the
elements, some kind of dielectric fluid, the addition of sheets of heat conducting
elements to take the heat out to the battery pack walls, etc. It all depends on the
time one has to study its design, the previous experience and skills, the budget and
the available techniques.
As the study is completely transparent in explaining how the battery is and the
components used, the findings of this work can help anyone wanting to design a bat-
tery for any kind of application, even if the power and number of cells is different,
as they can use the same procedure and study this thesis to get a better idea of how
their system might behave.
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7.2 Environmental impact
The impact that batteries have on the environment is an important concern, some-
thing to have in mind when designing any gadget that uses them, and more when
the number of cells is high, as is the case of a battery for an electric motorcycle.
The first impact is in the extraction process of the materials via mining. All mining
is bad for the environment, but as far as mining goes lithium is not that harmful if
done responsibly. Lithium is extracted from a natural lithium salt, extracted out of
the ground and letting water evaporate. The environmental impact for this process
is minimum if done correctly.
Big battery packs as the ones that electric vehicles use, cans be used for other
applications such as energy storage when their capacity is not good enough for
the functioning of the car, usually because the mileage is been severally reduced.
Nevertheless, these batteries can still keep on working for long periods of time in
applications with slow charge and discharges. Therefore, the complete battery pack
can be used as an energy storage unit itself, or as part of a bigger system. In the
case the cells where cylindrical, they could be used in other applications such as
TVs, remote controls, etc.
The problem comes when the battery or the cell is broken or it is just too old
and its capacity has faded. The concern with them is that the waste materials of
batteries can be toxic. There are metal oxides, organic electrolytes, aluminum, cop-
per, phosphates, graphite, harmful lithium salts and plastics. Moreover, if not well
disposed, the cells can end up in the wrong places, with the wrong conditions and if
they may catch fire or explode. Therefore Li-ion batteries must be fully discharged
before recycling.
Once the battery is dead, it will be taken to an authorised recycling point. In
it, the battery and cells will go through the usual recycling process. It starts with a
pre-treatment, where the plastics and metals are separated. The rest of the parts of
the cell are then crushed. These, go through a hydrometalurgical process where the
black mass is dissolved in acid and then, the different metals are separated using a
process based in solvent extraction to get pure salts of each metal contained in the
cell. The materials recovered with this process, can be used in concrete, magnets
and even new batteries.
MotoSpirit bets on the use of new technologies, renewable energy and green pro-
cesses. As the process of disposing and recycling a battery has the goal to avoid the
harmful damages that these entities can have on the environment if they are not
treated as they should, the aim of the recycling process should also be to recycle the
cells with the lower energy consumption possible, finding the balance with recover-
ing all the important elements.
Nowadays there are companies who’s activity is to recycle batteries and cells. One of
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them is Li-Cycle. With their process, they are close to achieving the total recovery
of the materials, and within the process, they can produce good enough chemicals
for a second generation of recycled cells. When disposing or recycling the battery,
the specifications of the battery and battery cells are going to be provided to the
recycling entity, facilitating the process of recycling.
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Chapter 8
BUDGET
In the evaluation of the costs of the project the aspects that must be taken into
account are the job done by the student, the tutor, the materials used, the software
and the costs of the mobility of the student.
8.1 Personal costs
The following is the cost that the project would have represented if the student was
employed by a company and had a salary. The wage calculated for the student with
taxes and Social Security included is 18€/h. In the case of the tutor, the estimated
hourly cost ascends to 24€/h. Therefore, the personal costs of the realisation of the
project are estimated in:
Table 8.1: Personal costs
Concept Unitary costs Quantity Total cost
Student: 18€ 444 7.992€
Tutor: 24€ 12 288€
8.2 Cost of the materials and software
In the realisation of the work of this thesis the hardware and software used have
been basic. Without them , this study would not have been possible.
In regards of the hardware, a personal computer has been used, which was already a
property of the student. Its cost was 1.250€, its residual value is estimated at 100€
and a lineal amortisation at 8 years is supposed. The use of the computer for the
this work from start to finish is been 8 months, equivalent to 0,66 years. Thus, the
amortisation of the computer is valued at 95€.
Other pieces of hardware that had to be bought for the work of the thesis are
an external memory, with a purchasing price of 57€, and a mouse, valued at 45€.
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The amortisation of these two objects is calculated as lineal and in 15 years, result-
ing in 3€ and 2€ respectively.
The most significant part, is the cost of the ElectroFlo software provided by AL-
TAIR. In the sponsorship contract with MotoSpirit, ALTAIR values the cost of the
access to their software at 6.200€.
8.3 Mobility costs
Another type of costs that must be taken into account is the cost of the mobility of
the student to gather information, attend to meetings and develop its activity. This
is significant because one lives 70km away from the university where the MotoSpirit
team meets. This has to be considered part of the thesis as some of the meetings
held by the Battery, Power-train and Dashboard department where directly related
to the battery design and thermal management.
The transportation vehicle used is a car consuming 7L per 100kms on average. The
travels that can be considered as part of this thesis are 2 between the the students
living town and Terrassa, (this number of travels is minor than expected because
of the outbreak of the COVID-19 which obligated any meeting to be held via call
or video call). Therefore, the total mileage is 280kms, the litres consumed are then
19,6L. Fixing the Diesel price at an average of 1,2€/L during the period of the re-
alisation of the thesis, this adds up to 24€.
Moreover, a car has maintenance costs and amortisation costs. As there are only
two major travels accounted for the work of the thesis, this costs are going to be
estimated at 10€.
8.4 Total costs of the project
Putting together all the costs listed and described in the previous sections, the total
cost for the project is collected in Table 8.2. As this is a student work, the perceived
costs of the project are much more small because the student does not have a salary
and the license for accessing ALTAIR’s software is free as part of the sponsorship
program with MotoSpirit.
Nevertheless, if brought in term as part of the activities of a business, one can
see that the study costs are quite high. Nevertheless, from one’s point of view, it is
worth the investment as the final product will perform better and give less problems,
resulting in a higher income and less costs in repairs or client inquires management.
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Amortisation of the computer: 95€
Purchase of an external memory: 57€
Amortisation of the external memory: 3€
Purchase of a mouse: 45€
Amortisation of the mouse: 2€
Access to the software: 6.200€
Mobility costs: 34€
TOTAL: 14.716€
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The specification is suitable for the performance of Lithium-Polymer (LIP) rechargeable battery produced by the




单颗电池规格 Specifications of single cell
◆电芯正极材料 Cell Cathode Material LiCoO2
◆标称容量 Typical Capacity① 10000mAh















Peak Discharge Current 150A(≤1sec)
Cut-off Voltage 3.0V



















极耳材料 Tab Material Nickel-platedCopper
极耳宽度 Tab Width 20mm
极耳厚度 Tab
Thickness 0.2mm
















Distance between 2 tabs
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Melasta reserves the right to alter or amend the design, model and specification without prior notice
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4.电芯性能检查及测试 BATTERY CELL PERFORMANCE CRITERIA
在进行下例各项测试前每颗电池应用 0.5C放至 3.0V。如果没有特别规定，测试应在电池交付 1个月内按以下各项
条件进行：
Before proceed the following tests, the cells should be discharged at 0.2C to 3.0V cut off. Unless otherwise stated,
tests should be done within one month of delivery under the following conditions:
环境温度 Ambient temperature: 20℃±5℃
相对湿度 Relative Humidity: 65±20%RH
注意标准充放电为 Note Standard Charge/Discharge Conditions:
充电 Charge: 以 0.5C电流恒流充电至限制电压 4.2V时,改为恒压充电,直到截止电流为 0.05C时停止充
电;The battery will be charged to 4.2V with 0.5C from constant current to constant voltage,
when the current is 0.05C, stop to charge.;
放电 Discharge: 0.5C to 3.0V/cell










Standard Charge / Discharge
允许循环 3次




















discharge at10C to 3.0V
允许循环 3次
































Charge:0.5C to 4.2V ,Discharge: 10C to 3.0V,















After standard charge, short-circuit the cell at
20℃±5℃ until the cell temperature returns to
ambient temperature.(cross section of the wire
or connector should be more than 0.75mm2)
*
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No Fire and No
Explosion
跌标准充电后，搁置 2小时。从 1.2M 高任意方
向自由跌落 30MM厚木板 3次
Standard Charge,and then leave for 2hrs,check
battery before / after drop
Height: 1.2m
Thickness of wooden board: 30mm
Direction is not specified
Test for 3 times
*
5. 贮存及其它事项 STORAGE AND OTHERS
5.1环境温度 Ambient temperature: 20℃±5℃
相对湿度 Relative Humidity: 65±20%RH
5.2 请每隔 3个月按下面方法激活电池一次:
Please activate the battery once every 3 months according to the following method:
0.2C充电至 4.2V，休息 5分钟，然后用 0.2C放电至每颗电池 3.0V，休息 5分钟，0.2C充电 3.9V。
Charge at 0.2C to 4.2V, rest 5 min, then discharge with 0.2C to 3.0V/cell,rest 5 min, then charge at 0.2C to 3.9V.





The customer is requested to contact MELASTA in advance, if and when the customer needs other applications
or operating conditions than those described in this document. Additional experimentation may be required to




MELASTA will take no responsibility for any accident when the cell is used under other conditions than those
described in this Document.
声明三：
如有必要，风云公司会以书面形式告之客户有关正确操作使用电芯的改进措施。
MELASTAwill inform, in a written form, the customer of improvement(s) regarding proper use and handing
of the cell, if it is deemed necessary.
6.1. 充电 Charging
6.1.1 充电电流 Charging current:
充电电流不得超过本标准书中规定的最大充电电流。使用高于推荐值电流充电将可能引起电芯的充放电性
能、机械性能和安全性能的问题，并可能会导致发热或泄漏。
Charging current should be less than maximum charge current specified in the Product Specification.
Charging with higher current than recommended value may cause damage to cell electrical, mechanical
and safety performance and could lead to heat generation or leakage.




Charging shall be done by voltage less than that specified in the Product Specification (4.2V/cell).
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Charging beyond 4.25V, which is the absolute maximum voltage, must be strictly prohibited. The charger
shall be designed to comply with this condition. It is very dangerous that charging with higher voltage than
maximum voltage may cause damage to the cell electrical, mechanical safety performance and could lead
to heat generation or leakage.
6.1.3. 充电温度 Charging temperature:
电芯必须在 0℃~45℃的环境温度范围内进行充电
The cell shall be charged within 0℃~45℃ range in the Product Specification.
6.1.4. 禁止反向充电 Prohibition of reverse charging:
正确连接电池的正负极，严禁反向充电。若电池正负极接反，将无法对电芯进行充电。同时，反向充电会降
低电芯的充放电性能、安全性，并会导致发热、泄漏。
Reverse charging is prohibited. The cell shall be connected correctly. The polarity has to be confirmed
before wiring, In case of the cell is connected improperly, the cell cannot be charged. Simultaneously, the
reverse charging may cause damaging to the cell which may lead to degradation of cell performance and
damage the cell safety, and could cause heat generation or leakage.
6.2．放电 Discharging
6.2.1. 放电电流 Discharging current
放电电流不得超过本标准书规定的最大放电电流，大电流放电会导致电芯容量剧减并导致过热。
The cell shall be discharged at less than the maximum discharge current specified in the Product
Specification. High discharging current may reduce the discharging capacity significantly or cause over-heat.
6.2.2. 放电温度 Discharging temperature
电芯必须在-20℃~60℃的环境温度范围内进行放电。










It should be noted that the cell would be at over-discharged state by its self-discharge characteristics in
case the cell is not used for long time. In order to prevent over-discharging, the cell shall be charged
periodically to maintain between 3.6V and 3.9V.
Over-discharging may causes loss of cell performance, characteristics, or battery functions.
The charger shall be equipped with a device to prevent further discharging exceeding a cut-off voyage
specified in the Product Specification. Also the charger shall be equipped with a device to control the
recharging procedures as follows:
The cell battery pack shall start with a low current (0.01C) for 15-30 minutes, i.e.-charging, before rapid
charging starts. The rapid charging shall be started after the (individual) cell voltage has been reached
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above 3V within 15-30 minutes that can be determined with the use of an appropriate timer for
pro-charging. In case the (individual) cell voltage does not rise to 3V within the pro-charging time, then the




The cell shall be storied within -10℃~45℃ range environmental condition, If the cell has to be storied for a
long time (Over 3 months),the environmental condition should be; Temperature: 23±5℃
Humidity: 65±20%RH, The voltage for a long time storage shall be 3.6V~3.9V range.
6.4. 电芯操作注意事项 Handling of Cells:
由于电芯属于软包装，为保证电芯的性能不受损害，必须小心对电芯进行操作。
Since the battery is packed in soft package, to ensure its better performance, it’s very important to carefully
handle the battery;
6.4.1. 铝箔包装材料易被尖锐部件损伤，诸如镍片，尖针。
The soft aluminum packing foil is very easily damaged by sharp edge parts such as Ni-tabs, pins and
needles.
·禁止用尖锐部件碰撞电池;
Don’t strike battery with any sharp edge parts;
·取放电芯时，请修短指甲或戴上手套;
Trim your nail or wear glove before taking battery；
·应清洁工作环境，避免有尖锐物体存在;
Clean work table to make sure no any sharp particle;
6.4.2. 禁止弯折顶封边;
Don’t bend or fold sealing edge;
6.4.3. 禁止打开或破坏折边;
Don’t open or deform folding edge;
6.4.4. 禁止弯折极片;
Don’t bend tab ;
6.4.5. 禁止坠落、冲击、弯折电芯;
Don’t Fall, hit, bend battery body;
6.4.6. 任何时候禁止短路电芯，它会导致电芯严重损坏;
Short circuit terminals of battery is strictly prohibited, it may damage battery;
6.5. 电池外壳设计 Notice Designing Battery Pack;
·电池外壳应有足够的机械强度以保证其内部电芯免受机械撞击;
Battery pack should have sufficient strength and battery should be protected from mechanical shock;
·外壳内安装电芯的部位不应有锋利的边角;
No Sharp edge components should be inside the pack containing the battery;
6.6. 电芯与外壳组装注意事项 Notice for Assembling Battery Pack
6.6.1.电芯的连接 Tab connection
建议使用超声波焊接或点焊技术来连接电芯与保护电路模块或其它部分。如使用手工锡焊，须注意以下事项，以保
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证电芯的功能：
Ultrasonic welding or spot welding is recommended to connect battery with PCM or other parts.If apply
manual solder method to connect tab with PCM, below notice is very important to ensure battery performance.
a) 烙铁的温度可控能防静电；
The solder iron should be temperature controlled and ESD safe
b) 烙铁温度不能超过 350℃
Soldering temperature should not exceed 350℃
c) 锡焊时间不能超过 3秒；
Soldering time should not be longer than 3s
d) 锡焊次数不能超过 5次；
Soldering time should not exceed 5 times Keep battery tab cold down before next time soldering
e) 必须在极片冷却后再进行二次焊接；禁止直接加热电芯，高于 100℃会导致电芯损坏。
Directly heat cell body is strictly prohibited, Battery may be damaged by heat above approx.100℃
6.6.2. 电芯的安装 Cell fixing
·应将电芯的宽面安装在外壳内；
The battery should be fixed to the battery pack by its large surface area
·电芯不得在壳内活动。
No cell movement in the battery pack should be allowed
7.其它事项 OTHERS
7.1. 防止电池内短路 Prevention of short circuit within a battery pack
使用足够的绝缘材料对线路进行保护
Enough insulation layers between wiring and the cells shall be used to maintain extra safety protection.
7.2. 严禁拆卸电芯 Prohibition of disassemble
7.2.1. 拆卸电芯可能会导致内部短路，进而引起鼓气、着火及其它问题




LIP battery should not have liquid from electrolyte flowing, but in case the electrolyte come into contact with
the skin, or eyes, physicians shall flush the electrolyte immediately with fresh water and medical advice is to
be sought.
7.3. 在任何情况下，不得燃烧电芯或将电芯投入火中，否则会引起电芯燃烧，这是非常危险的，应绝对禁止
Never incinerate nor dispose the cells in fire. These may cause firing of the cells, which is very dangerous and
is prohibited.
7.4 不得将电芯浸泡液体，如淡水、海水、饮料(果汁、咖啡)等
The cells shall never be soaked with liquids such as water, seawater drinks such as soft drinks, juices coffee or
others.
7.5 更换电芯应由电芯供应商或设备供应商完成，用户不得自行更换
The battery replacement shall be done only by either cells supplier or device supplier and never be done by the
user.
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The cells might be damaged during shipping by shock. If any abnormal features of the cells are found such as
damages in a plastic envelop of the cell, deformation of the cell package, smelling of electrolyte, electrolyte
leakage and others, the cells shall never be used any more.
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MatLab code for the power and energy calculations
1









10 %% Data reading from Excel Files
11 Wheel_Speed = xlsread ('Calculo bateria 2. xlsx ','j3:j1300 '
); % Vel. in km/h
12 Torque = xlsread ('Calculo bateria 2. xlsx ','n3:n1300 '); %
Torque in N m
13 t0 = xlsread ('Calculo bateria 2. xlsx ','o3:o1300 ');%
Torque in N m
14 Voltage = xlsread ('Melasta_TempTestData .xlsx ','i3:i1300 ')
;




18 %% Variable and value definition
19 i = 0;
20 PI = 3.14159265;
21 R = 3; % R e l a c i de T r a n s m i s s i
22 n = zeros (1 ,1);
23 length( Wheel_Speed ); % The command length(array) always
returns the larger
24 % number between the columns and lines of a matrix or
vector , and stores
25 % it into "ans ". So to collect the value:
26 n = ans;
27 % Definition of the Power vector
28 P = zeros(n ,1);
29 % Definition of the lap time vector
30 Lap_t = zeros(n ,1);
31 % Definition of the Energy variable
32 E = zeros (1 ,1);
33 E_v = zeros(n ,1);
34
35 %% Data treatment
36
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37 % Converting velocity units to motor rad/s
38 V_rads_wheel = Wheel_Speed *1000/3600/0.2069; % Vel in rad
/s in the wheel
39 V_rpm_wheel = V_rads_wheel *60/(2* PI); % Vel in rpm in the
wheel
40 V_rpm_motor = V_rpm_wheel *R; % Vel in rpm in the motor
rotor
41 V_rads_motor = V_rpm_motor *(2* PI)/60; % Vel in rad /2 in
the motor rotor
42
43 % Power calculation ( instantaneous and in the motor rotor
)
44 P = V_rads_motor .* Torque; % Units [W]
45
46 % Lap time
47 t = t0 /10; % giving each interval its value in s
48 % Lap_t = length(t0); % 100 ms
49 % Lap_t_s = length(t0)/10; % 100 ms to s
50 % Lap_t_h = Lap_t .*(3600/1000) ; % s to h
51
52 % Energy expenditure calculation (for the whole lap)
53 E_v = P.*t/3600;
54
55
56 for i = 1: length(P)




60 % Energy in kWh
61 E_kWh = E/1000;
62
63 % Energy expenditure of the Warm Up Lap:
64 E_WUL = E_kWh *0.5
65
66 % Energy expenditure of the Race Start Lap:
67 E_RS = E_kWh *1.1
68
69 % Energy expenditure of the 3 Lap Race:
70 E_R = E_kWh *3
71
72 % Energy expenditure of the Honor Lap:
73 E_H = E_kWh *0.5
74
75 % Energy expenditure for the whole race:
76 E_Race = E_WUL+E_RS+E_R+E_H
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